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This thesis is dedicated to the memory of Azuan Mohd Alias (“ Harry” )
who had Proteus syndrome.
He was the most remarkable and courageous young man who before his 
untimely death displayed incredible tolerance and forbearance of my 
inability to adequately understand his disease process and to provide 
only limited management, which resulted ultimately in an unsuccessful
outcome.
His memory is a reminder to to me to constantly strive to increase the 
knowledge and understanding of Craniofacial disease processes w ith a 
view to providing targeted treatment leading to improved outcomes for 
children w ith craniofacial anomalies.
ABSTRACT
The causes of facial anomalies in children may be congenital, 
traumatic, oncologic (or in some cases) remain unknown. Many of these 
craniofacial conditions warrant further elucidation of the clinical features, to 
allow accurate diagnosis and targeted management. Long term outcome 
studies of children w ith craniofacial anomalies, are essential to evaluate 
treatment protocols and to aid those who treat affected children to improve 
and advance their standards of care. These objectives require clinicians, 
along with their scientific colleagues to strive to increase their recognition of 
morphological anomalies and understanding of the underlying disease 
processes, so as to develop specific management strategies. The aim is to 
find new answers to improve the quality of life of affected children 
throughout the world. This collection of papers has been prompted by a 
desire to contribute towards that goal.
INTRODUCTION
The development of the new surgical discipline of Craniofacial Surgery 
came about due to failure of existing surgical specialties to adequately 
address complex deformities of the cranium and the facial skeleton. The 
established disciplines of Neurosurgery, Plastic surgery and Oral and 
Maxillofacial surgery could deal w ith some aspects of the management 
but not all. Paul Tessier in conjunction w ith his Neurosurgical colleague 
Guillot were the first to attempt to resolve the surgical challenge of the 
cranial-orbital complex using their combined skills. A fter receiving world 
attention the goals and practice of Craniofacial surgery were set down 
by those surgeons w ith a major interest in the discipline at the 
inauguration of International Society of Craniofacial Surgeons in 1982.
The specialty of Craniofacial surgery is still young, its founding father 
Paul Tessier only recently passed way, and his disciples, the first 
generation of surgeons who were the founders of the International 
society of Craniofacial surgeons have just retired. Much of the work 
highlighted by Paul Tessier as encompassing this specialty has (and 
indeed still is in some centres) been undertaken by longer established 
surgical specialties of Neurosurgery, Plastic surgery, Oral and 
Maxillofacial surgery, so the discipline of Craniofacial surgery could be 
considered to be a hybrid of these disciplines.
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This thesis is based on the continuing search to improve the 
understanding of the many processes which result in deformity of the 




Craniosynostosis can affect all human populations and its 
management is the fundamental disease process treated by craniofacial 
surgeons. The disease process where the cranial sutures fuse 
prematurely, has long been recognised1. The early attempt to explain 
the resultant cranial morphologies2 have impacted on treatment 
philosophy, but the results of treatment were inconsistent. Recently, 
there has been the recognition of the importance of genetic mutations 
associated w ith  the disease in the commonest syndromic conditions3, 
but despite these discoveries the intracellular mechanisms which result 
in premature suture fusion for most children still require elucidation.
The treatment of fusion by surgical removal of the affected sutures 
was first undertaken in 18924. Initially, the surgery remained in the 
domain of the Neurosurgeons, but the realisation that improved 
outcomes could be obtained by addressing the secondary morphological 
changes in the calvarium and skull base management led to the 
involvement of dedicated craniofacial surgeons, who together w ith  their 
neurosugical colleagues now provide a comprehensive management 
service, in dedicated units.
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This collection of papers extend the knowledge of the clinical features 
of children w ith craniosynostosis, identifies management challenges and 
investigates long term outcomes.
1. Otto AW (1 830) Lehrbuch der pathologischen Anatomie.
Rucker, Berlin.
2. Virchow R (1851) Lieber den Cretinismus, namenlich in Franken, und 
ueber pathologische Scadelformen.
Verh Phys Med Ges Wutzburg 2: 230 -  271.
3. Reardon W, Winter RM, Rutland P. Pulleyn LJ, Jones B, Malcolm S 
(1995) Mutations in the fibroblastic growth factor receptor type 2 
gene cause Crouzon syndrome.
Nature Genetics 9: 98 -  103.
4. Lane LC (1892) Pioneer craniectomy for the relief of mental 
imbecility due to premature sutural closure and microcephalus. 
Journal of the American Medical Association 18 : 49  - 50.
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CHAPTER ONE - PAPERS
The first paper is a report of two cases from different ethnic groups of 
a new previously unidentified craniosynostosis syndrome. The number 
of craniosynostosis syndromes continues to increase w ith over 300 
recorded on the London dysmorphology database. Better recognition of 
these specific phenotypes will aid treatment planning and management.
The second paper is a review of the clinical features of a series of 
patients w ith a rare craniosynostosis condition, Antley-Bixler syndrome. 
Because of the rarity the collaborative study was undertaken by the first 
author using the resources of tw o of the world ’ s major Craniofacial 
Units, Great Ormond Street Hospital, London and Australian Craniofacial 
Uni, Adelaide. This study is the first reported series of patients, rather 
than isolated case reports, and highlights the complex and differeing 
underlying genetic anomlies which can result in similar phenotypes.
The third paper is a case report which reports anomalous venous 
drainage which can result in association w ith non-syndromic 
craniosynostosis. It emphasizes the risks of surgical management in 
such cases cases. It also underlines the complex relationship between 
craniosynostosis, altered calvarial morphology and the intracranial 
vascular anatomy and brain function. These complex relationships still 
require elucidation.
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The fourth paper is a collaborative study to investigate the 
Ophthalmological findings in Apert syndrome patients prior to any 
surgical intervention. Its findings reflect the natural history and 
consequences if surgical intervention is delayed. This review is 
important in that it aids the decision not just how to intervene, but, 
critically provides a guide as to the timing of such interventions.
The fifth  paper is a study to investigate phenotypic differences in the 
Ophthalmological aspects of Apert syndrome. Currently, it is known 
that 99% of Apert syndrome cases have one of two underlying 
mutations in the FGFR2 gene. There still remains controversy as to 
whether there are subtle phenotypic differences between the two 
groups. This study extends this investigation into a specific area 
compares the Ophthalmological findings in the tw o groups. It was the 
first study of its type and did not identify any clear clinical differences 
between the tw o genotypes.
The sixth paper is a clinical research study reviewing the post 
temperature course in patients who have undergone transcranial surgery 
for non-syndromic craniosynostosis. This study resulted from the 
common clinical observation that many children develop an apparent 
pyrexia post-operatively, yet despite extensive investigations no 
evidence of local or systemic infection can be found. It was also 
recognised that in other surgical disciplines, a similar phenomonen had 
been identified. This study found that this was common in all forms of
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non-syndromic craniosynostosis and regardless of gender. The results 
have led to an alteration in clinical practice w ith  much higher threshold 
before invasive or radiological investigations are undertaken in the early 
post-operative phase of a child’ s recovery.
The seventh paper builds on the previous study extending the scope of 
the investigation to syndromic craniosynostosis. Again careful study of 
post-operative temperature changes following transcranial surgery in 
patients in this study w ith  Pfeiffer syndrome. The findings confirmed a 
postoperative “ double peak” which appeared to be part of the normal 
uncomplicated recovery course.
The eighth paper extends this study further to review the post 
operative temperature changes in Apert syndrome patients. These 
patients are potentially more complex w ith  the underlying propensity for 
anatomical anomalies of the central nervous system co-existing as part 
of the underlying condition. Not surprisingly then this study identified a 
more complex post-operative course than in the previous papers, and 
significantly it identified that a third post-operative peak in temperature 
which was a good indicator that there could be an underlying infective 
process, something which remains very difficult to detect clinically in 
Apert syndrome children.
The ninth paper reviews the management of secondary 
craniosynostosis occurring as a result of ventricular shunting by 
neurosurgeons in infancy and was undertaken in conjunction w ith  my
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neurosurgical colleagues. As a phenomonen this is often overlooked by 
clinicians, partly because it is uncommon but also because it could be 
considered an iatrogenic injury. There have been few studies 
undertaken to date into its management and this paper reviews the 
Adelaide Craniofacial Unit’ s experience, and proposes guidelines for 
deciding whether to undertake calvarial reconstruction in such cases.
The tenth paper is modification of surgical technique for simulataneous 
midface advancement in children w ith midface hypoplasia and 
brachycephaly resulting from syndromic craniosynostosis. It reports 
when completing a Le fort III osteotomy as part of a frontofacial 
advancement applying multiple distractors to optimally correct both the 
supraorbital region and the midface, rather than compromise between 
these tw o surgical goals, which is necessary in conventional monobloc 
frontofacial surgery.
The eleventh paper is collaborative outcomes paper studying the 
Ophthamological results of protocol management of Crouzon patients. 
This review highlights the importance of the timing of orbital surgical 
interventions to produce a good outcomes.
The twelth paper is a study similar to paper eleven only this time it 
focuses on longterm visual outcomes in Apert syndrome patients. It 
demonstrates that surgical interventions around the orbits improve the 
natural history, but again timing is important for good outcomes.
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The thirteenth paper is a collaborative outcome study w ith the 
University of Adelaide department of Psychology, investigating Crouzon, 
Pfeiffer and Muencke syndrome patients w ith psychological 
assessments at skeletal maturity. It focuses on intellectual and social 
outcomes rather than the aesthetic outcomes which Surgeons 
traditionally use as an outcome measure. This paper demonstrates that 
patients can live and work independently and while most complete 
secondary education some can achieve academic success at tertiary 
level.
The fourteenth paper is again a longterm outcomes study reviewing 
the results of a cohort of patients w ith unicoronal synostosis treated 
using the same surgical protocol who have all reached skeletal maturity. 
This identified that most cases had a an acceptable aesthetic outcome 
although a few required re-operation for recurrent raised intracranial 
pressure. However, revisional surgery, particularly to help correct 
strabismus, was much higher than had been expected. This paper 
underlines the importance of longterm multidisciplinary follow up by 
craniofacial surgeons team in conjunction w ith the ophthalmoloy team.
The fifteenth and final paper in this chapter is a multicentre- 
collaborative study looking at the very long outcome for children w ith 
Saerthre-Chotzen syndrome. It was repored in European literature that 
the underlying mutation in the TW IST  gene predisposed affected
9
females to an increased risk of breast cancer in adulthood, something 
which anecdotally didn’ t appear valid.
Collaborating w ith colleagues in Clinical Genetics throughout Australia 
an investigative study into mutation positive adult females was 
undertaken and found no evidence of increased cancer risk. While this 
study affects adults it is important for managing children since they and 
their parents may need reassurance if they have heard of the
association. Also if this study had confirmed an association, then 
management would have had to include counselling and possible referral 
to breast surgeons to discuss possible prophylactic mastectomies.
In summary this collection of papers has contributed to the
understanding of the clinical presentation of craniosynostosis, has
widened and refined the possible management options and study of the 
longterm outcomes modify and enhance existing treatment protocols.
O r ig in a l  A r t ic l e
A New Syndrome With Craniosynostosis and 
Cleft Lip and Palate
Peter J. Anderson, MD, PhD, FDSRCS(Ed), FRCS(Plast), FRACS,*$ Eric A. Haan, FRCP, f t  
and David J. David, MD, FRCS, FRACS*
Abstract: Two unrelated girls with craniosynostosis and bilateral 
cleft lip and palate who also had developmental delay and umbilical 
hemiae are presented. We propose that these patients have the same 
condition, and that their combination o f features may constitute a 
new syndrome. Management o f the patients is discussed.
Key Words: Craniosynostosis, cleft lip and palate, syndrome
(J Craniofac Surg 2011;22: 122-124)
PATIENT 1
A 5-month-old female infant, the first child o f unrelated 
parents, was referred to the Australian Craniofacial Unit (ACFU) for 
assessment and treatment. She was bom  at 38 weeks by cesarean 
delivery for breech presentation, with a birth weight o f 3920 g 
(75th—90th centile). The pregnancy was otherwise unremarkable, 
and the only notable family history was that the father had an aunt 
with unilateral cleft lip and palate.
Craniofacial features described at birth were bilateral cleft lip 
and palate and brachycephaly. There were feeding difficulties, and 
she remained in her local hospital for a month until feeding was 
established. At 2 months o f age, she underwent a limited bilateral 
coronal suture excision by a local neurosurgeon, and at 3 months, 
bilateral inguinal hemiae were repaired.
After transfer to the ACFU in Adelaide at 4 months of age, 
she underwent a multidisciplinary assessment including craniofa­
cial, neurosurgical, pediatric, cardiac ophthalmologic, otolaryngo­
logic, and clinical genetic assessments. Weight was below the third 
centile, and length was on the 75th centile. She had bicoronal syn­
ostosis with metopic bulging, bilateral external auditory canal ste­
nosis, prominent ear crura, small ear lobules, flattened supraorbital 
margins, mild proptosis, hypotelorism, down-slanting and short 
palpebral fissures, epicanthic folds, and bilateral cleft lip and palate 
with severe midface hypoplasia (Fig. 1). The anomalies outside the 
craniofacial region were less marked and included an umbilical 
hernia and mild soft tissue syndactyly o f the second web space on 
her hands (Fig. 2). Her development was delayed.
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Radiologic examination o f the skull identified an oxycephaly 
with hydrocephalus and metallic clips in situ from the previous 
neurosurgical interventions in the coronal sutures. The lambdoid 
sutures were noted to be fusing. Radiologic examination o f the 
cervical spine, the chest, and the limbs was unremarkable. Her 
clinical features did not fit with a recognized syndrome. Karyotype 
was normal.
She subsequently underwent staged surgical repair beginning 
with transcranial modified ffonto-orbital advancement with excision 
o f the remaining fused sutures and calvarial remodeling. Her re­
covery was unremarkable, and 3 months later, at age 9 months, she 
underwent the second stage with repair o f her bilateral cleft lip. She 
was discharged home (interstate) with arrangements for follow-up 
locally by the neurosurgical team and also by the pediatric surgeon 
for her umbilical hernia.
She was well until 4 months later when she was admitted to a 
local hospital to have a shunt placed. She developed Streptococcus 
pneumoniae meningitis and died 7 days later o f her infection. There 
was no postmortem examination.
PATIENT 2
A 17-month-old Indonesian girl was referred to the ACFU for 
the management o f craniosynostosis and bilateral cleft lip and pal­
ate. She was the third child of nonconsanguineous Indonesian par­
ents, bom  after an uncomplicated pregnancy. Her 2 older sisters aged 
5 and 9 years were both well. As a result o f her obvious deformities, 
he had ongoing difficulties with feeding.
After transfer to ACFU, he underwent an extensive multidis­
ciplinary assessment including craniofacial, neurosurgical, pediatric, 
cardiac ophthalmologic, otolaryngologic, and clinical genetic assess­
ments. Her weight was 7050 g at 15 months (<third centile), length was 
64 cm (<third centile), and head circumference was 39 cm (<second 
centile). The craniofacial anomalies included bicoronal synostosis
F IG U R E  1. Patient 1 at presentation aged  5 m onths.
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FIGURE 2. Patient 1 hand dem onstrating syndactyly  
second w eb space.
with an absent vertex, flattened supraorbital margins, hypertelorism, 
short palpebral fissures, mild proptosis, and bilateral complete cleft lip 
and palate (Figs. 3 and 4). Other anomalies included limited upgaze, 
thought to be due to mechanical problems resulting from the distorted 
orbits, and an umbilical hernia (Fig. 5). Hands and feet were normal. 
There was a moderate developmental delay. A radiologic skeletal 
survey did not identify abnormalities other than those of the skull 
(Fig. 6). A magnetic resonance imaging study o f the brain found a 
Chiari type 1 malformation, with a small foramen magnum. It also 
identified an anomalous course o f the straight sinus.
The following investigations gave normal results: chromosome 
study; subtelomeric multiplex ligation dependent probe amplification 
analysis; screening by denaturing high-performance liquid chroma­
tography for mutations in fibroblast growth factor receptor 1 (FGFR1) 
exon 7, FGFR2 exons 7, 9, and 10, FGFR3 exons 7 and 10, and 
TWIST exon 1; sequencing o f EFNB1 gene; and echocardiogram.
Management was aided by a nylon model o f her skull (Fig. 7) 
and consisted o f repair in 2 stages. First, decompression o f the pos­
terior fossa and the foramen magnum was undertaken by a neurosur­
geon, with the patient positioned prone. During this procedure, it was 
noted that the cerebellar tonsils extended to C2 and were repositioned 
to the level o f the foramen magnum. Postoperatively, it was noted 
that the left central retinal artery had become occluded during the 
procedure resulting in ischemia and blindness in that eye. Transcranial 
resection of the fused coronal and lambdoid sutures with calvarial 
remodeling was undertaken a week later. Postoperative recovery was 
unremarkable.
F IG U R E  4. Patient 2 close-up view of the cleft lip/palate.
One month later, the cleft lip and palate were repaired 
simultaneously using techniques similar to those used to repair 
nonsyndromic bilateral cleft lip and palate. Postoperatively, her 
recovery was unremarkable and feeding improved, and she re­
turned to Indonesia 6 weeks later. At outpatient follow-up 1 year 
later, she was thriving and continuing to develop. She had devel­
oped hypothyroidism that required medication but was otherwise 
well. She remains on regular outpatient review.
DISCUSSION
These 2 girls with craniosynostosis and bilateral cleft lip and 
palate, who also have developmental delay and hemiae (umbilical in 
both and inguinal in one), may have a novel syndrome. One of the 
girls also had prenatal and postnatal growth failure, and one had a 
mild finger syndactyly. Inguinal and umbilical hemiae are common 
in infants, and although we have included hernia as a feature o f the 
proposed new syndrome, its relationship to the other features in 
these 2 patients remains uncertain.
The simultaneous presence o f craniosynostosis and a cleft 
is recognized in Crouzon syndrome,1 thanatophoric dysplasia,2 and 
Saethre-Chotzen syndrome.3 Their clinical craniofacial features, ab­
sence o f radiographic anomalies other than the skull in both patients 
and no identified mutation on FGFR1-3 and TWIST in patient 2, 
suggest that their phenotypes do not reflect the variable expressivity of 
one of these clinical entities. A diagnosis o f cranioffontonasal syn­
drome was considered for patient 2, but no mutation was identified 
in the EFNB1 gene.4 The combination o f lambdoid or coronal suture 
synostosis with cleft lip/palate has been reported in Michels syn­
drome,5 but the pattern o f craniosynostosis and other features does 
not support this as a diagnosis. The combination of craniosynostosis 
and cleft lip and palate with limb shortening has been described 
in Herman syndrome,6 but again, this would seem to be a different
■S
F IG U R E  5. Patient 2 aged 17 m onths dem onstrating the 
umbilical hernia.FIGURE 3. Patient 2 at presentation aged  1 7 m onths.
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entity. The unusual pattern o f  failure o f calvarial formation seems to 
be similar to that reported in craniomicromelic syndrome,7 but the 
patients we describe did not have limb shortening.
The craniofacial management strategy adopted in these 
patients was essentially similar, allowing for the difference in ages at 
presentation. The early excision o f the affected sutures and cranial 
remodeling in infancy was followed later by surgical correction of 
the bilateral cleft lip and palate using the same conventional tech­
niques used for nonsyndromic bilateral cleft lip and palate. Man­
agement o f such complex cases can best be achieved in specialized
FIGURE 7. Patient 2 nylon m odel of the preoperative skull.
centers where coordinated multidisciplinary care can be delivered. 
In conclusion, we describe 2 patients with a distinct pattern o f cra­
niofacial abnormalities that may represent a previously unreported 
syndrome.
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Abstract: Antley-Bixler syndrome (ABS) is an exceptionally rare 
craniosynostosis syndrome characterized by radiohumeral synosto­
sis present from the perinatal period. There is a wide spectrum of 
anomalies seen within ABS, and other features include midface 
hypoplasia; choanal stenosis or atresia; multiple joint contractures; 
visceral anomalies, particularly o f the genitourinary system; and 
impaired steroidogenesis.
The condition o f ABS is curious in that mutations o f 2 separate 
genes have been identified and that there seem to be subtle pheno­
typic differences between the 2 genotypes. Mutations of the P450 
oxidoreductase gene have been reported in those patients with 
genital anomalies and/or impaired steroidogenesis, and the S351C 
mutation of the fibroblast growth factor receptor 2 gene has been 
reported predominantly in those patients with normal genitalia and 
steroidogenesis. We report a series o f 4 patients with ABS and re­
view their main findings and management.
Key Words: Antley-Bixler syndrome, phenotype, POR, FGFR2
(J Craniofac Surg 2010 ;21: 1560-1564)
T he aims o f this study were to review a series o f 4 new cases o f Antley-Bixler syndrome (ABS) and to identify the range 
in phenotypic presentation in each case and their subsequent man­
agement. In particular, we studied the phenotypic differences be­
tween the 2 known genotypes.
In 1975, a patient with similar features to those seen in the 
acrocephalosyndactyly syndromes but who was sufficiently differ­
ent so as to suggest a distinct entity was described by Ray Antley 
and David Bixler.1 A case with similar features had previously 
been reported by Lacheretz et al,2 and additional patients have since 
been described with what has come to be known as ABS. The 2 
most consistent features are craniosynostosis and radiohumeral
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synostosis present from the perinatal period, and these are generally 
considered to be the minimum diagnostic criteria.3
Other features that may be present include midface hypo­
plasia; choanal stenosis or atresia; multiple joint contractures; vis­
ceral anomalies, particularly o f the genitourinary system; and 
impaired steroidogenesis.1’4' 8 The spectrum of anomalies that has 
been reported to occur within ABS is wide as can be their severity.5,9
Antley-Bixler syndrome is primarily a syndrome affecting 
the development o f bone and cartilage, and it has been described 
as “a syndrome o f multisynostotic osteodysgenesis.” 10 A patient 
with ABS may have multisystem involvement including craniofa­
cial, musculoskeletal, genitourinary, and, less commonly, cardio­
vascular and gastrointestinal anomalies, and consequently, optimal 
management o f these patients requires a multidisciplinary team 
approach.6,8,11 Mortality has been reported to be as high as 80% 
within the neonatal period, primarily due to airway compromise, and 
prognosis improves with increasing age.11,12 Hence, those patients 
who survive infancy may demonstrate a less severe phenotype and 
consequently distort the spectrum of phenotypic severity in a series 
consisting o f older individuals.
The condition of ABS is curious in that mutations within 
2 separate genes have been identified and that there seem to be subtle 
phenotypic differences between the 2 genotypes. Mutations of the 
electron donor enzyme P450 oxidoreductase (POR) gene have been 
reported in those patients with the characteristic craniofacial mani­
festations and abnormal genitalia and/or impaired steroidogenesis, 
whereas the S351C mutation of the fibroblast growth factor 2 
(FGFR2) gene has been reported predominantly in those patients 
with normal genitalia and steroidogenesis.3,13“ 1
The S351C de novo heterozygous mutation o f the FGFR2 
gene was the first mutation to be reported in patients with ABS.‘ 
It was subsequently noted that this mutation was not present in 
all patients examined and particularly in those with abnormal genita­
lia and/or impaired steroidogenesis.14 Genetic screening of those 
patients with ABS and abnormal genitalia and/or impaired steroido­
genesis revealed several homozygous or compound heterozygous 
mutations of the POR gene including 2 missense mutations (R457IT 
and Y578C), a 24-base pair deletion mutation (L612_W620delinsR) 
resulting in the removal o f 9 amino acids and the insertion of 1 amino 
acid, a single-base pair insertion mutation (I444fsX449) resulting in 
a frameshift, and a silent mutation (G5G).13,1" 16
Four new cases of ABS surviving beyond the neonatal period 
from 2 separate craniofacial centers are reported, and their main 
clinical features and management are discussed including a pheno­
typic comparison of the 2 genotypes.
CLINICAL REPORTS 
Patient 1
This female patient with karyotype 46XX was delivered at 
term by an elective cesarean section as the result o f a pregnancy 
complicated by insulin-dependent diabetes mellitus and preeclampsia.
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Cranial morphology included a tall brachycephalic cranial 
vault with a degree o f plagiocephaly, occipital flattening, and frontal 
bossing and a head circumference at birth at just the third percentile. 
There was midface hypoplasia, splayed nasal bones with a depressed 
nasal bridge, and a class III skeletal relationship. There was prop­
tosis with an exotropia and bilateral lop ears with moderate con­
ductive hearing loss. Bilateral choanal stenosis was present, and the 
child had a severe obstructive sleep apnea syndrome (OSAS). On 
fonnal neuropsychologic assessment in later childhood, there was 
a delay in expressive speech.
This child had bilateral radioulnahumeral synostosis, but 
there was good movement at the shoulders, wrists, and fingers. 
Hyperlordosis o f the lumbar spine was present, and the gait was 
abnormal.
On examination at birth, the child was found to have am­
biguous genitalia with fused labia and clitoromegaly, and a single 
urogenital sinus draining the bladder and vagina was found on fur­
ther investigation.
Raised intracranial pressure (ICP) was demonstrated after 
insertion of an ICP monitor at 3 months o f age. An Arnold-Chiari 
type I malformation was subsequently identified on magnetic reso­
nance imaging. Echocardiogram revealed left ventricular hypertro­
phy with no outlet obstruction. Genetic screening revealed a single 
POR mutation.
Obstructive sleep apnea syndrome was not able to be relieved 
with continuous positive airway pressure; nasal stents were unsuc­
cessful, and a tracheostomy was subsequently performed when the 
patient was 5 months old. At 1 year o f age, the patient underwent a 
cranial vault reshaping for raised ICP, proptosis, and aesthetic con­
siderations, and at 3 years, a genitoplasty was performed. Tonsil­
lectomy and adenoidectomy were performed at 4 years o f age as a 
result of upper airway restriction, and the patient underwent multiple 
myringotomies and grommet insertions.
Patient 2
This male patient with karyotype 46XY was delivered at 
41 weeks’ gestation by an emergency cesarean section for fetal 
distress. He suffered from intrauterine growth restriction, weighing 
2.27 kg at birth and required intermittent positive-pressure ventila­
tion and suction for meconium aspiration and was transferred to the 
special care baby unit.
On examination at birth, there was turricephaly, midface hy­
poplasia and recession, a depressed nasal bridge, thick epicanthic 
folds, and retrognathia. There was a high-arched palate with fusion 
among the lower incisors and a class 1 skeletal relationship. Prop­
tosis was present with a decrease in vision. The ears were low set 
and cupped with small thickened helices and bilateral moderate 
conductive hearing loss requiring a hearing aid. Although choanal 
stenosis was absent, the restricted upper airway resulted in severe 
OSAS, Expressive speech was found to be delayed on formal neu­
ropsychologic assessment in later childhood.
There was significant restriction in pronation, supination, and 
extension of the forearms. The toes were long, and the great toes 
were broad with webbing o f the first and second toes. There was 
impaired steroidogenesis with abnormalities in cortisol production.
The insertion o f an ICP monitor demonstrated raised ICP at 
4 months of age, and a cerebral angiogram at 1 year o f age dem­
onstrated abnormalities in intracranial venous drainage. Genetic 
screening revealed 2 separate mutations o f the POR gene.
When the patient was 10 months old, a tonsillectomy and 
adenoidectomy were performed as a result o f upper airway restric­
tion, At 1 year o f age, a posterior cranial vault expansion was per­
formed for both ICP and aesthetic considerations. The patient 
underwent several myringotomies and grommet insertions during 
childhood.
Patient 3
This male patient with karyotype 46XY was delivered by an 
elective cesarean section. At birth, the cranial vault was turricephalic 
with frontal bossing, and there was midface hypoplasia and reces­
sion. There was proptosis, resulting in severe exposure keratitis, 
hypertelorism with down-sloping palpebral fissures, and myopia of 
the right eye, and vision was further decreased secondary to optic 
atrophy. The palate was high and narrow, with a class III skeletal 
relationship and anterior open bite. The child had an OSAS. In later 
childhood, there was a global developmental delay on formal neuro­
psychologic assessment.
The classic feature o f bilateral radiohumeral synostosis was 
present. The neck was stiff and straight with limited rotation, and 
radiographs revealed cervical spine fusion at the level o f C1-C2 and 
multiple narrow intervertébral disk spaces thought to be the result of 
failure of segmentation during embryological development. There 
was a lumbar lordosis associated with a congenital anomaly of the 
lower dorsal vertebrae. Genetic screening revealed the S351C mu­
tation of the FGFR2 gene. Hydrocephalus was present secondaiy to 
aqueductal insufficiency with increased ICP.
Before being seen at the craniofacial unit, the child had un­
dergone both a ffonto-orbital advancement (FOA) at 1 month o f age 
and a ventriculoperitoneal (VP) shunt insertion at 2 months o f age 
for proptosis, hydrocephalus, and raised ICP, and a bilateral tarsor­
rhaphy and a second FOA at 8 months of age in a further attempt to 
correct severe proptosis. A further FOA, palatal split, and bilateral 
tarsorrhaphies and canthopexies were subsequently performed at 
2 years o f age for ICP and aesthetic considerations, upper airway 
restriction, and proptosis. Further eye surgery was required, and at 
5 years o f age, a Le Fort III midfacial advancement was performed 
with distraction to correct the limited midfacial growth.
Patient 4
This female child with karyotype 46XX was delivered at 
41 weeks’ gestation by emergency cesarean section for cephalo- 
pelvic disproportion. There had been a diagnosis antenatally of 
probable Pfeiffer syndrome.
There was craniosynostosis o f the coronal, lambdoid, and 
squamosal sutures resulting in the kleeblattschadel or cloverleaf 
deformity, as can be seen in Figure 1. There was midface hypoplasia 
and a beaked nose. The child demonstrated proptosis with hyper­
telorism, down-slanting palpebral fissures and a left ptosis, an eso­
tropia, myopia, cataracts, and optic atrophy, all contributing to a 
decrease in vision. A class III skeletal relationship was present with 
an anterior open bite. The ears were low set with hearing loss re­
quiring a hearing aid. There was a tendency to glossoptosis with a 
high-arched palate and delayed eruption o f the permanent teeth. 
There was a severe speech and language delay on formal neu­
ropsychologic assessment in later childhood, where expressive 
speech was affected to a greater degree. Upper airway obstruction 
was present with episodes o f apnea.
There was bilateral radioulnahumeral synostosis. The thumbs 
were medially splayed with broad terminal phalanges. There was 
bilateral coxa vaga with mild lateral subluxation and flexion defor­
mities at the hips, knees, and ankles. The great toes were medially 
deviated, and the terminal phalanges were broad and irregularly 
shaped. The patient was wheelchair bound.
The neck was short, and radiology of the cervical spine 
revealed fusion at the level o f C2-C3 and in the region o f C5-C7, a 
midline split vertebral body at C3, a moderate scoliosis, and forward 
subluxation o f C l on C2 with narrowing of the spinal canal both in 
the cervical and upper thoracic regions. There was fusion o f the 
spinous processes in the upper thoracic region and a mild upper 
lumbar gibbus.
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F IG U RE  1. Three-dim ensional com puted  tom ograp h y  scan reconstructions and clinical photography  of patient 4  
dem onstrating the kleeblattschadel or cloverleaf deformity.
Aqueductal obstruction was found on ultrasound at 1 month 
of age, resulting in hydrocephalus with increased ICP demonstrated 
with the insertion o f an ICP monitor at 3 months o f age. Genetic 
screening revealed the S351C mutation o f the FGFR2 gene. A VP 
shunt was required as a result o f hydrocephalus and raised ICP. A 
palatal split and adenoidectomy were performed at 1 month o f age 
for upper airway restriction, and at 3 months o f age, the patient 
underwent FOA and lambdoid craniectomies for raised ICP, prop­
tosis, and aesthetic considerations, and a second palatal split pro­
cedure was performed. A further FOA was performed at 2 years o f 
age, and a third FOA and cranial decompression were performed at 
5 years. A Le Fort III midfacial advancement with distraction was 
performed at 11 years o f age to correct the restriction in midfacial 
growth. Several grommet insertions were performed.
DISCUSSION
The diagnosis o f ABS is primarily based on the presence of 
craniosynostosis and radiohumeral synostosis, that is, on clinical 
findings. However, the advent o f genetic screening in relatively re­
cent times has provided additional information on the pathogenesis 
of ABS, which is important for both researchers and clinicians. It 
is not surprising that an FGFR2 mutation has been identified in 
patients with ABS such as is known to occur in other craniosynos­
tosis syndromes, a de novo heterozygous mutation o f the FGFR2 
gene resulting in the amino acid substitution S351C within the im­
munoglobulin-like domain III.3 However, despite clinical features 
suggestive o f ABS, the S351C mutation of the FGFR2 gene was 
unable to be identified in an increasing number o f cases, and it 
was noted not to occur particularly in those patients with genital 
anomalies and/or impaired steroidogenesis.14 Further investiga­
tion has revealed the common finding o f several homozygous or
compound heterozygous mutations o f the POR gene in many of 
those patients with ABS and abnormal genitalia and/or impaired 
steroidogenesis.13,15,16
In the 2 patients described with ABS and abnormal genitalia 
and impaired steroidogenesis, mutations of the POR gene were 
present, and the S351C mutation o f the FGFR2 gene was present in 
the 2 patients with normal genitalia and steroidogenesis. These 4 
cases further demonstrate that within ABS there are 2 phenotypic 
groups with different underlying mutations o f 2 separate genes with 
different modes of inheritance.
There have been several previously reported cases o f ABS 
with hydrocephalus, and it is notable that in one o f our cases, there 
was an Amold-Chiari malformation.5,6,16-18 Patient 1 was found to 
have a type I Amold-Chiari malformation, and both patients 3 and 
4 were found to have aqueductal stenosis resulting in hydrocepha­
lus and requiring a VP shunt. Patient 2 demonstrated raised ICP as 
the result o f atypical abnormalities in intracranial venous drainage. 
We have been unable to find previous reports o f these anomalies 
of the intracranial ventricular and venous systems within ABS.
The craniofacial morphology in ABS is often brachycephalic 
and when viewed from above may appear trapezoidal.1,4 Bilateral 
coronal synostosis occurs most frequently, whereas a smaller pro­
portion of cases have lambdoid synostosis, and metopic synostosis is 
very rare.5 Patient 4 demonstrated coronal, lambdoid, and squamo­
sal synostosis, resulting in the cloverleaf deformity, an indication 
o f her more severe phenotype overall. However, given that the 
4 patients in this series were aged beyond the neonatal period 
the range of phenotypic severity may be reduced as a result o f the 
high neonatal mortality rate within this syndrome.
Frontal bossing and a depressed nasal bridge with a “pear- 
shaped” nose are also features o f ABS.4,17 The bony orbit is fre­
quently shallow, resulting in proptosis, and there may be a recessed
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and poorly defined supraorbital margin, which has been termed the 
“trumpet-bell orbital deformity.”4,12 Visual loss is commonly mul­
tifactorial as is demonstrated by patients 3 and 4. The cars within 
ABS are typically low-set with a lop-ear appearance, and there may 
be both conductive and sensorineural hearing loss, in 2 o f the above 
cases severe enough to require a hearing aid.1’11 Severe complex 
malocclusion has been reported in combination with crowded den­
tition, crossbite, open bite, and a narrow high-arched palate.1,17 A 
class 111 skeletal relationship was found in 3 o f the above 4 cases, 
which is similar to that seen within other craniofacial syndromes; 
other features were a narrow high-arched palate, an anterior open 
bite, delayed eruption of permanent dentition, and fusion among the 
lower incisors. It was interesting to note that in all 4 o f the above 
cases, speech and language were significantly affected and that in 3 
of these patients expressive speech was affected to a greater degree, 
patient 4 being almost nonverbal.
All of the patients described in this study demonstrated sig­
nificant upper airway obstruction, one with bilateral choanal stenosis 
requiring a tracheostomy for airway management. Although radio- 
humeral synostosis occurs most frequently and is generally con­
sidered to be one o f the minimum diagnostic criteria o f ABS, 
variability in elbow fusion does occur with radioulnahumeral syn­
ostosis, radioulnar synostosis, and rare reported cases of ABS with 
absence of synostosis.3,6,7,9,16,19,20 Cases without radiohumeral 
synostosis may, however, represent atypical cases o f other cranio- 
synostosis syndromes such as Pfeiffer syndrome. Bilateral elbow 
involvement is usual; however, there has been 1 reported case of 
unilateral radiohumeral synostosis.5 In our series, patients 1 and 4 
demonstrated bilateral radioulnahumeral synostosis.
Although craniosynostosis, radiohumeral synostosis, multi­
ple joint contractures, and arachnodactyly are the most common 
skeletal findings within ABS, other variable features include femoral 
and ulnar bowing, perinatal fractures o f the long bones, campto- 
dactyly, carpal and tarsal bone synostosis, various abnormalities o f 
tire metatarsals and phalanges, talipes equinovarus, rocker-bottom 
feet, and vertebral anomalies o f the thoracic and lumbar spine in­
cluding fusions and spinal dysraphism.1,3,4,6,8,11,16 Interestingly, 
both patients 3 and 4 had cervical spine fusion, patient 3 at the level 
of C1-C2 and patient 4 involving C2-C3 and also C5-C7 with a 
forward subluxation o f C l on C2. The skeletal anomalies and sub­
sequent deformity of patient 4 were in fact veiy severe, necessitat­
ing the use of a wheelchair. The vertebral bodies o f patients with 
ABS have been reported to be o f increased height, and the endplates 
sclerotic; clefts and intersegmental fusions o f the thoracic and 
lumbar spine have also been reported.3,9 However, we have been 
unable to find previous reports o f cervical spine fusion or subluxa­
tion within ABS. In the general population, cervical spine fusion is 
known to occur at an incidence o f approximately 0.5% and usually 
occurs at the level o f C2-C3.21,22 Cervical spine fusion occurs at a 
higher incidence within the acrocephalosyndactyly syndromes; 
within Pfeiffer syndrome, fusion occurs most frequently at C2-C3, 
whereas within Apert syndrome, fusion occurs most frequently at 
C5-C6; C1-C2 subluxation has also been reported to occur within 
the acrocephalosyndactyly syndromes.22""27 The cervical spine fu­
sion seen in patients 3 and 4 does not seem to conform to a specific 
pattern such as is seen within these acrocephalosyndactyly syn­
dromes. Cervical spine fusion may contribute to airway compromise 
and dysmorphic facial growth.23
Surgical procedures in patients with ABS are primarily aimed 
at reducing hydrocephalus and raised ICP and correcting cranial 
shape, achieving orbital competency and addressing the limited 
midfacial growth. Consequently, the above patients underwent su­
ture craniectomies or cranial vault reshaping, and 2 o f the patients 
underwent FOA and midfacial advancement with distraction. As 
a result of significant upper airway obstruction, procedures such
as tonsillectomy and adenoidectomy, in 1 case, a tracheostomy, 
and in another, a palatal split, were performed in infancy or early 
childhood.
CONCLUSIONS
There is a wide spectrum o f anomalies seen within ABS, and 
the severity o f these anomalies is largely variable. There are 2 ge­
notypic groups with underlying mutations o f 2 separate genes and 
considerable overlap in the resulting phenotype. The distinguishing 
phenotypic feature seems to be the presence or absence of genital 
anomalies and/or impaired steroidogenesis. In the 2 patients in this 
series with genital anomalies and impaired steroidogenesis, muta­
tions of the POR gene were present, and the S351C mutation of the 
FGFR2 gene was present in the remaining 2 patients with normal 
genitalia and steroidogenesis.
In this study, we report new anomalies in 4  cases of ABS that 
we believe have not been previously reported in the literature. 
Atypical intracranial anomalies were present in the ventricular and 
venous systems in 3 patients, cervical spine fusion was seen in 
2 cases, and in one of these patients, there was also subluxation of 
the high cervical spine. Patient 4  demonstrated a very severe phe­
notype: the cloverleaf deformity was present, there was extensive 
musculoskeletal involvement resulting in the patient being restricted 
to a wheelchair, and the patient was almost nonverbal. Additional 
studies are required to further explore the differences in the phe­
notypic features o f the 2 known genotypes within ABS.
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Abstract The authors describe the 
clinical and radiological findings in 
a case of non-syndromic craniosynos­
tosis affecting multiple sutures, in 
which the intracranial venous drain­
age was grossly anomalous. Investi­
gation by magnetic resonance imag­
ing and angiography revealed that 
almost all of the intracranial venous 
blood was draining from the dural 
sinuses transosseoussly via enlarged 
emissary veins to the external jugu­
lar veins and the vertebral veins.
Although present, both internal jugu­
lar veins were small. This discovery 
represented a contraindication for 
the vault expansion surgery that had 
been recommended as treatment for 
the patient’s raised intracranial pres­
sure, and it has important implica­
tions for the management of all types 
of craniosynostosis.
Key words Anomalous venous 
drainage • Craniosynostosis
Introduction
The factors influencing the surgical management of the pa­
tient with craniosynostosis include the degree of cosmetic 
disability, the presence or absence of raised intracranial 
pressure, the status of the airway and protection of the eyes. 
In the absence of active hydrocephalus and an obstructed 
airway, raised intracranial pressure is usually treated in our 
unit by a procedure designed to increase the intracranial 
volume and at the same time improve the patient’s head 
shape [9],
We have previously reported the association between 
abnormal venous drainage and the severe skull base defor­
mity seen in a patient with a clover-leaf skull [11]. In the 
case in question, the rapid rise in intracranial pressure that 
occurred when osseous to subcutaneous collateral venous 
channels were interrupted during surgery was thought to 
be an important factor in the patient’s death [10]. Clearly, 
the possibility of anomalous venous drainage needs to be 
carefully assessed, and recommendations for cases of syn­
dromic craniosynostosis have already been made [10].
The case report presented here describes the investiga­
tion of a child with non-syndromic craniosynostosis affect­
ing multiple sutures, who was found to have anomalous 
venous drainage malformation in association with a large 
head and raised intracranial pressure.
Case report
An 8-month-old boy with an enlarged and asymmetric skull was re­
ferred to our Craniofacial Unit for assessment. He had been bom to 
normal parents by caesarian section 2 weeks post-term following a 
normal pregnancy. At the time of referral he was developing normal­
ly and thriving. On examination he was noted to have marked fron­
tal bossing, a small asymmetric anterior fontanelle and a left-sided 
posterior plagiocephaly (Fig. 1). Head circumference was measured 
and found to lie on the 98th centile. Anterior-posterior and lateral 
skull radiographs (Figs. 2, 3) helped us to establish a working diag­
nosis of left lambdoidal and partial sagittal synostosis. Early multi­
disciplinary in-patient craniofacial assesment was arranged.
As part of the patient’s assessment, the radiologists confirmed 
the multiple suture nature of the craniosynostosis. The geneticists 
confirmed that this was a non-syndromic case. Psychological assess-
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Fig. 1 Lateral photograph showing the enlarged appearance of the 
head at the time of first presentation
Figs. 2 ,3  Skull radiographs demonstrating the unusual head shape 
(scaphocephalic with frontal bossing)
20 mmHg/div. -- 50 mm/h
Fig. 4 Section of the intracranial pressure monitoring trace show­
ing an elevated pressure plateau at 25 mmHg during sleep
ment showed that his development was appropriate for the boy’s age. 
He underwent overnight intracranial pressure monitoring using the 
Camino fibreoptic system (Camino Laboratories, San Diego, Calif.). 
This revealed double plateaux of raised pressure, with a mean of 
17.8 mmHg, and a maximum of 28 mmHg (Fig. 4),
Following this assessment, arrangements were made for early 
elective craniectomy of the fused sutures and vault remodelling. It 
was planned that this should be performed in two stages, starting 
with a posterior remodelling.
However, once the patient had been anaesthetised and placed 
prone on the operating table, a thrill could be palpated in the occip­
ital region bilaterally, Auscultation of these areas revealed a loud ve­
nous “hum”. Since this was thought to represent an arterial-venous 
malformation, the procedure was abandoned and arrangements made 
for further imaging to evaluate the cranial vascular anatomy.
Radiological findings
Magnetic resonance imaging (MRI) revealed that two 
large, anomalous blood vessels were present extracranially 
in the subcutaneous tissues, one on each side (Figs. 5, 6). 
However, as their function was unclear and the direction 
of any flow uncertain, we proceeded to angiography for 
more accurate assessment of the pattern of venous drain­
age of the cerebral circulation.
Carotid angiography revealed grossly abnormal extra­
cerebral venous drainage (Figs, 7, 8). The internal jugular 
veins, although present, were small and appeared only to 
be filled by veins around the foramen magnum. On the left 
side the transverse sinus drained transosseously into the 
left external jugular vein. On the right side the sigmoid si­
nus was narrow but patent, the majority of the drainage be­
ing via large transosseous vessels running into the exter­
nal jugular vein and the vertebral venous plexus. Other 
anomalous features included drainage of the right superfi­
cial temporal veins into the right transverse sinus and trans­
osseous drainage of the sagittal sinus anteriorly into the fa­
cial vein.
In view of these findings, and taking into account the 
child’s normal developmental status, it was felt that treat­
ment of the child’s raised intracranial pressure by vault ex­
pansion surgery was contraindicated. He remains under 
regular review, contining to thrive, and there has been no 
deterioration in his appearance.
Discussion
The normal anatomy of the intracerebral veins and their 
extracranial drainage in man has been well described [1-3]. 
However, their development is complicated [12], The pri­
mary capillary plexus of the early embryo develops into 
three layers following differentiation of the skull and me-
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Figs. 5, 6 Magnetic resonance 
imaging scans in coronal sec­
tion, showing the bilateral 
anomalous vessels (arrowed) 
lying extracranially
Figs. 7, 8 Sagittal and coronal 
views of the venous phase of 
the carotid angiogram, demon­
strating the abnormal intracere­
bral venous drainage
ninges. The superficial vessels drain into the external ju g ­
ular system. The middle vessels drain with the deep ves­
sels via the internal jugular vein and also develop into the 
venous plexus of the dura mater from  which the dural si­
nuses differentiate. Normally, connections betw een ves­
sels of the superficial and middle layers persist variably as 
small emmissary veins [12’J. The veins that develop in the 
occipito-capsular fissure become the m astoid em issary 
veins in man [3], The usual size of the mastoid em issary 
vein has been reported as 1 mm, with 10% over 2 mm in 
size, and only exceptional ones as much as 4 mm [1], R e­
duction of the size of the sigmoid sinus has been noted to 
be associated with an enlargem ent of the mastoid em issary 
vein up to 7 mm in diam eter [2]. It has been suggested that
wherever there are gaps in the developing chondrocranium  
there is a potential for connections betw een the develop­
ing dural sinuses and the external jugu lar system [3].
The em bryological developm ent of this area is there­
fore further com plicated by the process o f ossification of 
both the occipital and m astoid bones through which these, 
emissary veins pass [8], m aking the incidence and position 
of their foram ina in adult hum an populations particularly 
variable [3].
The developm ent o f the intracranial and extracranial ve­
nous systems and the flow o f blood w ithin them is also in­
fluenced by the position o f the head in relation to the right 
atrium [5]. The vertebral venous system  in the normal new ­
born child is functionally inadequate to act. as a collateral
100
circulation to the jugular veins [5], As the child’s locom o­
tor developm ent progresses the head position changes from 
the horizontal position during crawling to the vertical for 
walking, and the functional anatomy o f the vertebral ve­
nous system also evolves during this process [5].
An assessm ent of the anatomy of the venous system in 
patients with craniosynostosis can be made in several d if­
ferent ways. Plain radiography can be used to demonstrate 
emissary veins, a Towne’s view being essential for those 
in the occipital region [4], A review of MRI in the assess­
ment of craniosynostosis with a discussion of how this can 
be related to improvem ents in clinical management has 
previously been reported [6], However, although many 
uses were described, including assessment of the airway, 
hindbrain herniation and abnormalities of white matter, 
there was no reference to the detection of anomalous ve­
nous drainage, although its role in depicting the structure 
and function o f the intracranial vessels is now well de­
scribed [7], Cerebral angiography provides the most accu­
rate anatomical information regarding the anomalous ves­
sels, confirm ing that they are indeed venous and dem on­
strating whether they are the main route of drainage of the 
dural sinuses.
It is unclear w hether the craniosynostosis that resulted 
in the enlarged dysmorphic head shape directly influenced 
the head position and then led to the development o f the
anomalous venous drainage seen in this case, or whether 
the raised intracranial pressure contributed. The presence 
of anomalous venous drainage in syndromic craniosynos­
tosis has previously been reported [10,1 l],inc lud ingacase  
report in which large emissary veins in the occipital region 
were divided during surgery, with fatal consequences [10], 
This highlights the clinical significance of the finding of 
this anomalous venous drainage, and so currently repre­
sents a contraindication for elective surgery in the pres­
ence of normal development.
Our experience.-with this case leads us to make the fo l­
lowing recom m endations for assessment of cases of cran­
iosynostosis. First, to be alert o f the possibility of abnor­
mal venous drainage in all cases of craniosynotosis, and to 
study carefully both the plain radiographs and MRI scans 
for venous channels. Secondly, to remember that if abnor­
mal venous drainage is found then it may be associated 
with raised intracranial pressure, and the consequences of 
interrupting this during surgery must be carefully consid­
ered.
In summary, this case demonstrates that anomalous 
venous drainage can occur in non-syndromic craniosynos­
tosis. The anomalous venous drainage can be accurately 
assessed both anatom ically and functionally by imaging. 
These findings may alter the clinical management of the 
patient, as this case illustrates.
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moderate or severe glaucoma. In addition, it cannot be 
excluded that the 24-ho.ur rhythm of aqueous melatonin 
differs in glaucoma patients and in normal subjects. To 
confirm this possibility, further studies are needed in 
nonhuman primates over a 24-hour cycle. The reduction 
of IOP5'6 could possibly be mediated via melatonin recep­
tors (as M T, receptor) located in the eye, in the anterior 
segment,7 or in the ciliary body.5
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PURPOSE: T o  determ ine ophthalm ic findings in patients 
w ith  A pert syndrom e before craniofacial surgery. 
DESIGN: A cross-sectional retrospective study.
METHODS: R eview  of 63  cases (2 7  males, 3 6  females) 
w ith  A pert syndrom e w ith o u t craniofacial surgery from 
the A ustra lian  C raniofacial U n it. D em ographic data, age 
of presen tation , and ophthalm ic findings at the first 
p resen tation  w ere recorded.
RESULTS: A t a m ean age of four years and median age of 
one year, a t least 14%  of patien ts had am blyopia, 60%  of 
patients had strabism us, 19%  of patients had anisom e­
tropia, and 34%  of eyes had am etropia. E xposure k e ra ­
topathy  and corneal scarring  occurred  in  a t least 13%  of 
patients and optic atrophy in at least 8%  of patients. 
CONCLUSIONS: T h is  study dem onstrated  that patients with 
A pert syndrome were at risk of amblyopia because of high 
prevalence of refractive errors, strabism us, and anisom e­
tropia. Exposure kera topathy  and corneal scarring oc­
curred  com m only. (A m  J O phthalm ol 200 6 ; 142: 
3 2 8 - 3 3 0 .  © 20 0 6  by E lsevier Inc. A ll rights reserved.)
A p e r t  s y n d r o m e  is  a  w e l l  r e c o g n i z e d  c r a n i o s y n -ostosis syndrome characterized by craniosynostosis, 
midfacial hypoplasia, and syndactyly of the hands and feet1
FIG U R E  1. Preoperative features of A pert syndrome showing 
turricephaly, midface hypoplasia w ith shallow orbits, proptosis, 
down slanting palpebral fissure, and hypoplastic upper jaw with 
class III malocclusion.
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FIG URE 2. Syndactyly of the hands and feet is a universal finding in A pert syndrome. (Left) syndactyly of the hands. (Right) 
syndactyly of the feet.
TABLE. O ph tha lm ic  F ind ings in A pert S yndrom e at P resentation
Occurrence as Occurrence as
No. With Positive Data Percentages of Percentages of Total
Ophthalmic Findings Finding (n) Available Available Data (n -  63 cases ^ 1 2 6  eyes)
Visual impairment < 6 /1 2  in better eye 3 16 cases 3/16(19% ) 3/63 (5%)
Visual impairment <6 /12  in at least one eye 7 16 cases 7/16(44% ) 7/63 (11 %)
Refractive errors 88 eyes
Hypermetropia 30 30/88 (34%) 30/126 (24%)
Myopia 13 13/88(15% ) 13/126 (10%)
Emmetropia 45 45/88 (51 %) 45/126 (36%)
Astigmatism 37 37/88 (42%) 37/126 (29%)
Anisometropia 12 44 cases 12/44 (27%) 12/63 (19%)
Strabismus 38 58 cases 38/58 (66%) 38/63 (60%)
Type of strabismus
Exotropia 21 21/58(36% ) 21/63 (33%)
Esotropia 11 11/58 (19%) 11/63 (17%)
Vertical 3 3/58 (5%) 3/63 (5%)
Exophoria 2 2/58 (3%) 2/63 (3%)
Manifest unspecified 1 1/58 (2%) 1/63 (2%)
Amblyopia 9 49 cases 9/49 (18%) 9/63 (14%)
Optic atrophy 5 60 cases 5/60 (8%) 5/63 (8%)
Optic disk swelling 3 60 cases 3/60 (5%) 3/63 (5%)
Abnormal VEP 9 42 cases 9/42 (21%) 9/63 (14%)
Corneal scar and exposure keratopathy 8 59 cases 8/59 (14%) 8/63 (13%)
Proptosis 55 60 cases 55/60 (92%) 55/63 (87%)
Ptosis 14 44 cases 14/44 (32%) 14/63(22% )
VEP =  visual evoked potentials.
(Figures 1 and 2). Visual loss is a severe complication of 
Apert syndrome, which could result from optic atrophy, 
amblyopia, and exposure corneal scarring.2-3 Absence or 
structural alteration of extraocular muscles, iris coloboma, 
cataract, ocular albinism, keratoconus, ectopia lentis, and 
medullated nerve fibers had also been reported with this 
syndrome.2-6 However, most publications either described
case reports or small series of Apert syndrome or findings of 
combined craniosynostoses. The aim of this study was to 
determine the prevalence of ophthalmic findings in Apert 
syndrome before craniofacial surgery in a large series of 
patients.
Retrospective reviews of 87 patients diagnosed with 
Apert syndrome from 1975 to 2004 were identified from
V o l .  142 , No. 2 B r ie f  R e p o r t s 3 2 9
the Australian Craniofacial U nit database. Ethics approval 
was obtained from institutional review board taking into 
consideration that informed consent was not possible for 
patients living overseas. Patients who had craniofacial 
surgery before their first presentation were excluded. Sixty- 
three cases (27 males and 36 females) were therefore 
included in the study. The mean age at first presentation 
was four years (range 0.1 to 39.2 years, SD 8.21) and the 
median age was one year.
The parameters investigated included visual acuity, 
cycloplegic refraction, amblyopia, strabismus, anterior seg­
ment findings, funduscopic findings, and visual evoked 
potentials (VEP). Because of the retrospective nature of 
this study, not all data were present for all parameters: 16 
notes contained Snellen visual acuity, 44 had data on 
cycloplegic refraction, 58 had data on strabismus, 49 had 
data on amblyopia, 59 had documented anterior segment 
findings, 60 had documented fundus findings, and 42 had 
data on VEP.
There were at least three patients (5%) with visual 
impairment worse than 6/12 in the better eye, and at least 
seven patients (11%) with visual impairment in at least 
one eye. A t least nine patients (14%) had amblyopia. 
Strabismus was noted in at least 38 patients (60%) of the 
study population. Exotropia was more common than es­
otropia (21 patients compared with 11 patients).
At least 30 eyes (24%) had hypermetropia 2  + 2 diop­
ters (D), 13 eyes (10%) had myopia <  — 0.5 diopters, and 
37 eyes (29%) had astigmatism 2:0.75 diopters. In addi­
tion, at least 12 patients (19%) had anisometropia 20.75 
diopters.
Fundoscopy revealed optic atrophy in at least five 
patients (8%), and optic disk edema in three patients 
(5%). A t least nine patients (14%) had abnormal VEP, 
four bilaterally. Latency was prolonged in six cases while 
the amplitude was suppressed in three cases. Only two of 
the nine cases with VEP abnormality had optic atrophy 
and disk edema.
Proptosis was present in at least 55 patients (87%), and 
corneal scarring and exposure keratopathy were present in 
at least eight patients (13%). Ptosis (marginal reflex 
distance < 3  mm) was present in at least 14 patients 
(22%), two were unilateral, and 12 were bilateral (Table).
Other notable ophthalmic findings included bilateral 
myelinated optic nerve fibers (one), entropion (one), 
epiblepharon (two), trichiasis (two), coloboma of the disk 
(two), and tortuous retinal vessels (one).
This is the largest study reported looking at ophthalmic 
findings in Apert syndrome before craniofacial interven­
tion. We found that patients with Apert Syndrome were at 
risk of amblyopia because of high prevalence of refractive 
errors, anisometropia, and strabismus. Our study is in 
agreement with earlier studies, which showed that exotro- 
pia was more common than esotropia in Apert syn­
drome.3-4 These patients need regular ophthalmic 
evaluation for early detection of amblyopia to institute
timely management. Our study also found that exposure 
keratopathy and corneal scarring occurred commonly. 
Invariably exposure keratopathy was attributable to inad­
equate lubrication and lid protection secondary to propto­
sis. 2'3'7 The extent of visual impairment and amblyopia 
could be better assessed by a prospective study following 
the cohort through to visual maturation.
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Pigment Release and Secondary 
Glaucoma After Implantation of 
Single-piece Acrylic Intraocular 
Lenses in the Ciliary Sulcus
Harvey Siy Uy, MD, and Pik Sha T. Chan, MD
PURPOSE: T o report the association of sulcus-fixated, single­
piece hydrophobic acrylic intraocular lenses (H A IO L) with 
pigment release and secondary glaucoma.
DESIGN: In terven tional case series.
M ETHODS: H A IO L  was im planted in  the  ciliary sulcus of 
20  eyes th a t developed posterio r capsule ru p tu re  during 
phacoem ulsification. W e analyzed postoperative best- 
corrected  visual acuity , m anifest refraction , frequency of 
in traocu lar lens m alpositioning, and postoperative com ­
plications.
RESULTS: P ostoperative best-corrected  visual acuity  was 
20 /40  o r b e tte r in all eyes. T h e  m ean postoperative 
sphere was —0.5 ±  0 .7  d iopters (range + 1 .2 5  to 
—2 .0 0 ); the  m ean postoperative cylinder was —1.2 ±
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Differential Effects of FGFR2 Mutation in 
Ophthalmie Findings in Apert Syndrome
Jwu Jin Khong, MBBS,* Peter J. Anderson, MD,+ Michael Hammerton, FRANZCO,1" 
Tony Roscioli, FRACP,* Dinesh Selva, FRANZCO,* David J. David, MD+
Adelaide, A u stra lia
Apert syndrom e is  m ostly  caused by one o f the tw o  
specific point m utations in  the fibroblast growth  
factor receptor 2 (FGFR2). The objective of this 
study w as to determ ine w hether there w ere any  
differences in the prevalence o f ophthalm ic fea­
tures in Apert syndrom e w h en  com paring the 
Ser252Trp and Pro253Arg m utations in  FGFR2. 
This w as a retrospective study of patients w ith  
Apert syndrom e w ith  g en o ty p e  a n a lysis . The  
prevalence o f fiv e  ophthalm ic features, v isual im ­
pairment, am blyopia, strabism us, corneal abnor­
m ality, and p a le  o p tic  d isc s , w ere  com pared  
between the two FGFR2 genotypes. There w ere 25 
(74%) cases w ith  Ser252Trp m utation, and 9 (26%) 
cases w ith  the Pro253Arg m utation  in  FGFR2. 
O p h th alm ic  f in d in g s  in  20 ca ses  o f  FG FR2  
Ser252Trp and 9 cases of Pro253Arg m utation w ere 
compared. V isual acuity w orse than 6/12 in at least 
one eye w as present in  60% patients w ith  FGFR2 
Ser252Trp m utation com pared w ith  12.5% patients 
with Pro253Arg m utation (P < 0.05). Forty percent of 
eyes w ith FGFR2 Ser252Trp m utation compared  
with 12.5% eyes w ith  Pro253Arg m utation w ere  
worse than 6/12. There w as a trend of more frequent 
amblyopia and strabism us in  FGFR2 Ser252Trp 
mutation and more frequent optic disc pallor in  
the FGFR2 Pro253Arg m u tation . T here w as a 
differential effect o f FGFR2 m utations in ophthal­
mic findings in patients w ith  Apert syndrom e, w ith  
significantly greater prevalence of v isual impair-
From the ‘Oculoplastic and Orbital Division, Department of 
Ophthalmology and Visual Science, University of Adelaide, 
Adelaide, South Australia; the ^Australian Craniofacial Unit, 
Women's and Children's Hospital, Adelaide, South Australia; 
and Department of Haemotology and Genetics, Prince of Wales 
Hospital, Sydney, New South Wales, Australia.
Address correspondence and reprint requests to Dr. Jwu Jin 
Khong, Department of Ophthalmology and Visual Science, Royal 
Adelaide Hospital, North Terrace, Adelaide, SA 5000, Australia; 
E-mail: jjkhong@yahoo.com 
Sources of support: none.
m ent in  the Ser252Trp m utation compared w ith  the 
Pro253Arg m utation. Further study w ou ld  elucidate  
w hether the trends in  d ifferential effects betw een  
the tw o m utations in am blyopia, strabism us, and 
optic disc pallor represent real d ifferences.
Key Words: A pert syndrom e, FGFR2 m utation , 
craniosynostosis, genotype
A pert syndrom e is one of the m ost common and severe craniosynostosis syndrom es and is characterized by craniosynostosis, m idface hypoplasia and syndactyly of the 
hands and feet. Since the discovery of fibroblast 
grow th factor receptor 2 (FGFR2) m utations being 
Ser252Trp or Pro253Arg in 1995,1 geneticists and 
clinicians have tried to determ ine w hether there is 
any phenotypic difference betw een the two m uta­
tions to understand the pathophysiology of A pert 
syndrome. The results thus far are contradictory .2-4 
Some studies show ed no significant difference in 
some of the phenotypic features betw een the two 
common forms of FGFR2 m utations .2'5 This contrasts 
w ith other studies, w hich show ed that syndactyly 
was more severe and m ental outcome w as poorer in 
Pro253Arg m utation .3'4,6 Cleft palate and m arked 
craniofacial m alform ation were found m ore com­
monly in the FGFR2 Ser252Trp m utation .3,4,6
Visual im pairm ent and am blyopia were com­
m on findings in patients w ith  A pert syndrom e .7 
Severe visual loss associated w ith papilledem a had 
also been  re p o rte d .8 O ur aim  w as to fu rth e r 
investigate w hether there were any differences in 
the prevalence and severity of ophthalm ic features 
betw een the Ser252Trp and Pro253Arg m utations in 
FGFR2.
M a t e r i a l s  a n d  M e t h o d s
A ll cases of A pert syndrom e were identified from the A ustralian Craniofacial Unit database. Only 
patients who had m utation analysis were included in 
the study.
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Table 1. P h e n o type  G e n o ty p e  C orre la tion s in Patien ts W ith  Apert S y n d ro m e
FGFR2 S252W FGFR2 P253R P Value
Total no. patients 20 9
VA <6/12 In better eye 4 (n = 20) 20% 1 (n = 8) 12.5% 1.000
VA <6/12 In at least one eye 12 (n = 20) 60% 1 (n = 8) 12.5% 0.038
Pale optic disc 3 (n = 19) 16% 2 (n = 7) 29% 0.588
Amblyopia 10 (n = 18) 56% 1 (n = 5) 20% 0.339
Total no. eyes 40 18
VA <6/12 (individual eyes) 16 (n = 40) 40% 2 (n = 16) 12.5% 0.061
Corneal scarring and keratopathy (individual eyes) 7 (n = 32) 25% IIC
CO 21% 1.000
Strabismus (individual eyes) 18 (n = 38) 47% 7 (n  = 18) 39% 0.546
FGFR = fibroblast grow th  factor receptor; VA = visual acuity.
The following variables were recorded: patient 
demographic data such as sex and age of ophthalm ic 
review. P reoperative finding of strabism us was 
recorded. Visual acuity, presence of am blyopia, 
corneal scarring, keratopathy, and pale optic disc 
were determ ined at the last ophthalm ic review. The 
prevalence of five ophthalm ic features, ie visual 
impairment, am blyopia, strabism us, corneal abnor­
mality, and pale optic discs, and the two FGFR2 
m utations Ser252Trp and  Pro253Arg w ere com­
pared. Cases w ith  fewer than  three recorded vari­
ables were excluded from  the study.
Best corrected visual acuity w as m easured by 
methods appropriate to age and verbal capacity 
using Snellen chart, Kay pictures, and Sheridan 
Gardiner tests and were recorded as Snellen or 
Snellen equivalent. In preverbal children, fixation 
pattern was determ ined as fixing and following. 
Visual im pairm ent w as defined as having a visual 
acuity of worse than  6/ 12.
Statistics w ere analyzed using M initab version 
14 (Minitab, Inc., State College, PA). Two proportions 
tests were perform ed to com pare the differences 
between the prevalence of each ophthalm ic finding 
for the two genotypes. Fisher's exact test is used to 
account for the small sam ple size. P < 0.05 was 
considered statistically significant.
R e s u l t s
T hirty-four cases of A pert syndrom e had  results of genetic testing available for assessment, which 
included 19 m ales and 15 females. There w ere 25 
(74%) cases w ith the Ser252Trp m utation and 9 (26%) 
cases with the Pro253Arg m utation in FGFR2. Five 
cases were excluded because of insufficient ophthal­
mic data, and all had  the FGFR2 Ser252Trp m utation. 
Therefore, ophthalm ic findings of 20 cases of FGFR2 
Ser252Trp and 9 cases w ith  the FGFR2 Pro253Arg 
mutation were analyzed. The average age of the last
ophthalm ic review for the FGFR2 Ser252Trp and 
FGFR2 Pro253Arg m utations was 9.4 years and 13.1 
years, respectively.
The prevalence of visual im pairm ent in at least 
one eye in patients w ith A pert syndrom e was greater 
in the FGFR2 Ser252Trp m utation com pared w ith the 
FGFR2 Pro253Arg m utation, and the result was 
statistically significant. Visual acuity w orse than 
6 /1 2  in at least one eye was present in 60% of 
FGFR2 Ser252Trp m utations com pared w ith 12.5% in 
the Pro253Arg m utations (95% confidence interval 
[Cl], 0.16-0.79, Fisher's exact test P value = 0.038). 
W hen com paring the num ber of eyes w ith  visual 
im pairm ent in the two A pert subgroups, 40% of eyes 
in the FGFR2 Ser252Trp subgroup com pared w ith 
12.5% of the Pro253Arg subgroup were visually 
im paired  (95% Cl, 0.05-0.50, F isher's exact test 
P value = 0.061), and the result was of borderline 
statistical significance. Am blyopia and strabism us 
were more frequent in FGFR2 Ser252Trp subgroup 
than in FGFR2 Pro253Arg subgroup, b u t the differ­
ences did  not approach statistical significance. Pale 
optic discs were observed m ore w ith  the FGFR2 
Pro253Arg m utations than w ith  the FGFR2 Ser252Trp 
m utations; however, the subject num bers w ere small, 
and the results were not statistically significant. 
There was no significant difference in the prevalence 
of corneal abnorm ality (corneal scarring and expo­
sure keratopathy) betw een the tw o genotypes. The 
phenotype and genotype correlations of ophthalm ic 
features are sum m arized in Table 1.
D i s c u s s i o n
A pert syndrom e is an autosom al dom inant dis­order that is distinguished from other craniosy- 
nostotic syndrom es by  the rem arkably  specific 
m utations of either Ser252Trp or Pro253Arg in the 
FGFR2 gene on chrom osom e 10q26.1 The tw o 
m utations occur in  the linker reg ion  betw een
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immunoglobulin II and im m unoglobulin III of the 
FGFR2 ligand binding dom ain .1 The two m utations 
are exclusively paternal in origin .9 A gain of function 
in the m utan t FGFR2 w as p roposed  to be the 
molecular m echanism  of FGFR2 m utation .10,11 It 
was shown that Ser252Trp m utation and Pro253Arg 
mutation in FGFR2 led to enhanced affinity of FGFR2 
to ligands such as the FGF2 and other fibroblast 
growth factors.10 Interestingly, loss of ligand-binding 
specificity of m utan t Pro253Arg FGFR2 has also been 
reported.11 The differential dow nstream  effects of the 
two common m utations resulting in A pert syndrom e 
are yet to be fully determ ined, and it remains a 
subject of great interest. The investigations of the 
differential effects of the two m utations in Apert 
syndrome have im plications for the understanding 
of the pathophysiology of congenital m alform ations 
in FGFR2 m utation. The proportion of the two FGFR2 
mutations in our population of A pert patients were 
74% for Ser252T rp m u ta tio n  an d  26% for 
Pro253Arg m utation, w hich was sim ilar to other 
studies looking at genotype-phenotype correla­
tions for the two m ost com m on A pert syndrom e 
genotypes.2-4
Clinical variability of the phenotypic features in 
Apert syndrom e is well docum ented. The severity of 
syndactyly and the extent of craniofacial m alform a­
tion and other systemic m alform ations involving the 
central nervous system, musculoskeletal, cardiac, 
and urogenital system s vary  am ong individuals 
affected by A pert sy n d ro m e .2-3 A nalysis of the 
two com m on m u ta tio n s FGFR2 Ser252Trp and 
Pro253Arg showed that patients w ith the Ser252Trp 
mutation presented m ore often w ith cleft palate and 
had more severe postoperative midface retrusion, 
which suggested that craniofacial m alform ation was 
more severe in the Ser252Trp m utation .3,4,6,11 Con­
versely, the FGFR2 Pro253Arg m utation was asso­
ciated with more severe syndactyly .3-4'6'11 The degree 
of intellectual disability also appeared to be worse in 
the FGFR2 Pro253Arg m utation  subgroup .4 How- 
ever, no significant differences in clinical features 
were found between the tw o genotypes in an earlier 
study.2
The correlation of phenotypic features to geno­
types in our s tu d y  sh o w ed  th a t there  w as a 
significant difference in visual outcome in patients 
with the Ser252Trp and Pro253Arg m utations in 
FGFR2 at the last ophthalm ic review. Patients w ith 
the FGFR2 Ser252Trp m utations m ore often had 
visual im pairm ent w orse than 6 /1 2  in at least one eye 
compared w ith patients w ith the FGFR2 Pro253Arg 
mutations. The finding of worse visual outcome 
might relate to m ore severe craniofacial m alform a­
tions in  the FGFR2 Ser252Trp m utations noted in 
previous studies .3,4,6,11 Fusion of m ultiple cranial 
sutures restricts intracranial and orbital space expan­
sion in A pert syndrom e. The orbits become later- 
alized and shallow, w hich results in proptosis w ith 
exposure of the globes, strabism us, and hypertelor­
ism .12,13 However, it was not possible to determ ine 
from this study the reasons behind the difference in 
the prevalence of visual im pairm ent of the two 
genotypes because of a small sam ple size. There was 
suggestion from  this study  that the difference in the 
prevalence of visual im pairm ent betw een the two 
genotypes m ay be related to the m ore frequent 
findings of amblyopia and strabism us in the FGFR2 
Ser252Trp m utation. The pow er of the findings in 
this study w as limited by the small num ber of 
patients. In consideration of the rarity of Apert 
syndrom e, com bined data from m ultiple craniofacial 
units w ould be an  alternative to further evaluate the 
d iffe re n tia l effec ts of FGFR2  Ser252T rp an d  
Pro253Arg on the ophthalm ic findings.
In conclusion, there w as evidence of a differ­
ential effect of FGFR2 m utations in ophthalm ic 
findings in patients w ith  A pert syndrom e, w ith 
significantly greater num bers of patients w ith  visual 
im pairm ent in the FGFR2 Ser252Trp m utation com­
pared  w ith the Pro253Arg m utation. A lthough there 
w as a tren d  of m ore frequen t am blyopia and 
strabism us in the Ser252Trp m utation and more 
frequent optic disc pallor in the Pro253Arg m utation 
in  FGFR2, the resu lts d id  no t reach statistical 
significance. Further study w ould elucidate w hether 
these trends represent a real difference.
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Pyrexia after Transcranial 
Surgery
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A bstract: P yrex ia  a fte r  tran sc ran ia l su rg e ry  h a s  b een  ob se rv ed  
regu larly  in  clin ical p rac tice  b u t  d o es  n o t u su a lly  h e ra ld  an y  su b ­
sequen t pa tho lo g ic  p rocess. H o w ev er, th e  significance a n d  inci­
dence o f th is  p h e n o m e n o n  re m a in  u n ce rta in . T he a im  of th is  
stu d y  w as to  ev a lu a te  th e  in c id en ce  an d  tim in g  o f  an y  py rex ia  after 
transcran ia l su rg e ry  fo r c ran io sy n o sto sis  co rrec tion  a n d  corre la te  
th is w ith  th e  clin ical o u tco m e to  assess its  significance. R e trospec­
tive rev iew  of se q u en tia l case n o te s  co llected  o v e r  a 10 y ea r  p erio d  
identified  136 tran sc ran ia l o p e ra tio n s  u n d e r ta k e n  fo r 122 cases of 
n onsyndrom ic  c ran iosynostosis . T he in c id en ce  o f p o sto p e ra tiv e  
pyrexia o f 38 d eg rees o r  m o re  in  th e  first 5 d a y s  w as  76%, w hereas 
that g rea ter th a n  39 d eg rees  w a s  11%. P y rex ia  w as  n o ticed  d u r in g  
the first 48 h o u rs  a n d  h a d  a b im o d a l d is tr ib u tio n . O n ly  a s ing le  case 
in th is se ries su b seq u en tly  d e v e lo p e d  a clin ically  s ign ifican t com ­
plication, th a t  is, a  m in o r  w o u n d  in fec tion  o f th e  sk in , w h ich  w as 
treated  by  an tib io tics a n d  d ress in g s. T he o ccu rren ce  o f py rex ia  d id  
no t a p p ea r to  be  re la ted  e ith e r  to  sex  o r to  an y  affected  su tu re  b u t 
occurred less freq u e n tly  in  th o se  w h o  w e re  u n d e r  6 m o n th s  o ld . We 
conclude th a t  th is  p y rex ia  sh o u ld  b e  c o n s id e red  to  be  a p a r t  o f the  
norm al p hysio log ica l re sp o n se  to  cran iofac ia l surgery.
Key Words: Craniosynostosis, pyrexia
A fter transcranial surgical correction of nonsyn­dromic craniosynostosis, we have observed in 
the early postoperative phase that patients frequently 
develop a pyrexia, bu t the clinical im pression has 
been that m any of patients do not have any subse­
quent adverse clinical outcome. Review of the litera­
ture identified previous reports stating that this phe­
nomenon is com m on after other types of surgical 
interventions, w ithout any subsequent pathologic 
significance.1-6
This contrasts w ith the findings that postopera­
tive pyrexia is well recognized to be a predictor of in­
fection.1 It has also been observed during  the acute 
phase of various neurosurgical traum as, including 
subarachnoid hemorrhage,7 intracerebral hemorrhage, 
or traumatic brain injury,9 in w hich developm ent of
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pyrexia is a poor prognostic sign .10 Central nervous 
system tissue appears to be m ore tem perature labile 
than other body tissues, suggesting that pyrexia after 
transcranial surgery m ay not have the same underly­
ing m echanisms as that after abdom inal.surgery .11,12
To evaluate the incidence, significance, and sub­
sequent clinical outcome of pyrexia after transcranial 
surgery, it was decided to undertake retrospective re­
view of the postoperative tem perature charts and 
clinical notes of a consecutive series of children w ith 
nonsyndrom ic craniosynostosis undergoing trans­
cranial correction.
M e t h o d
With use of the database of the A ustralian Craniofa­
cial Unit, those w ho underw ent transcranial correc­
tion of nonsyndrom ic craniosynostosis in the 10 years 
between 1994 and 2003 were identified. The case 
notes were reviewed, including the postoperative 
tem perature charts. Tem perature charts consisted 
of a preoperative tem perature, every 3 hour record­
ings in the postoperative period for 48 hours, and 
every 12 hour recordings for another 3 days. Inde­
pendent variables that were studied  include patients' 
sex, age, affected suture, and recorded postoperative 
complications.
R e s u l t s
The unit database identified 122 patients w ith non­
syndrom ic craniosynostosis w ho underw ent trans­
cranial surgery during  the 10 years from 1994 to 
2003 in w hich all records w ere com plete to allow 
for evaluation. The population consisted of 77 males 
and 45 females. The patients ' age at operation ranged 
between 2 m onths and 15 years, w ith  a m ean of 16 
months. A m ong 136 operations, 66 were for patients 
aged under 6 m onths, and 44 w ere for those aged 
between 6 and 24 m onths. The cases were categorized 
according to the affected suture: sagittal synostosis
Table 1. N u m b er of C o rrec tive  T ra n sc ra n ia l 
S u rg e r ie s  Perform ed to E ach  T yp e  of N o n syn d ro m ic  
C ra n io sy n o s to s is
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Table 2. Number of Patients with Pyrexia after Surgery
Temperature
Time A fte r Surgery
Within 12 Hours D ay 1 Day 2  Day 3 Day 4 Day 5
T <  38 98 73 72 112 122 118
38 =  <  T <  39 34 58 60 24 14 18
39 =  <  T 4 5 4 0 0 0
T = highest body tem perature in each period.
was the m ost com m on and consisted of 52 cases, with 
unicoronal synostosis in 31 cases and metopic synos­
tosis in 25 cases. Thirteen of 122 patients underw ent 
multiple surgical interventions resulting in 122 pa­
tients undergoing a total of 136 transcranial opera­
tions (Table 1). Interoperatively, the length of surgical 
intervention was betw een 21 m inutes and 4 hours 
and 5 minutes (mean 2 h r and 1 min). W hen com­
pared am ong affected suture groups, the shortest op­
erating times w ere in the sagittal synostosis group. 
Broad spectrum  antibiotics w ere adm inistered intra­
venously as a single perioperative dose. All patients 
required transfusion perioperatively.
Postoperatively, patients w ere m anaged accordr 
ing to the unit protocol and  w ere transferred to the 
intensive care un it (ICU) for at least 24 hours. There, 
they were nursed head-up at least 45 degrees to p re­
vent swelling. Prescribed analgesia w as paracetam ol 
and narcotics w ere rarely used. In 103 of 136 patients, 
development of pyrexia was 38 degrees or higher 
during the first 5 postoperative days, and in 11 pa­
tients, it was 39 degrees or higher. Day 2 w as the most 
common period for pyrexia, w ith  64 patients affected 
(47%) (Table 2). Analysis of the results revealed that 
there was no obvious difference betw een sexes or 
which suture w as affected (Table 3). There was no 
correlation w ith the w hite blood cell count or length 
of ICU stay.
For each case, a chart of postoperative tem ­
perature change starting w ith  the preoperative tem-
Table 3. Incidence of Postoperative Pyrexia in Each 
Type of Craniosynostosis
Affected No. o f Febrile Cases
Suture and Each Percentages 38 =  <  T  <  39 39 = <  T
Sagittal 45 74 40 5
Coronal 25 71 22 3
Metopic 20 80 19 1
Multiple 11 85 9 2
Lambdoid 2 100 2 0
Total 103 76 92 11
T highest postoperative tem perature during 5 days.
Hours
F ig  1 Postoperative temperature course by sex. Square mark 
and solid line, male; round mark and dotted line, female.
perature was m ade and com pared. The m ean tem per­
ature changes in each group of sexes, affected suture, 
and age at operation were plotted on a graph, and 
a trend line was draw n w ith Microsoft Excel (Red­
mond, WA). In general, the p ostopera tive  tem p er­
atu re  courses revealed a curious double peak in the 
first 48 hours, which was independent of sex, suture, 
and age (Figs 1 to 3). There was no sex difference 
(Fig 1). Interestingly, the tem perature rise was slightly 
less in the group of sagittal synostosis than either 
coronal or metopic synostosis (Fig 2). Overall, the 
pyrexia w as less m arked  in those patien ts  w hose 
su rgery  w as u n d ertak en  w hen  they  w ere u n d er 
6 m onths (Fig 3).
D i s c u s s i o n
Pyrexia is a feature of the inflam m atory processes 
and is one of the m ost common signs of postoperative 
complication, particularly infection. The pyrexia is 
produced by bacterial endotoxins or exotoxins, w hich 
stim ulate phagocytic leukocytes of the infected host 
to produce a series of endogenous pyrogens, p roduc­
ing pyrexia .13 These same endogenous pyrogens are 
also active after traum a, including surgery, in the 
absence of infection. Only one patient in this series
Hours
F ig  2 Postoperative temperature course by affected suture. 
Square mark and solid line, sagittal; round mark and heavy 
broken line, coronal; triangular mark and dotted line, me­
topic synostosis.
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Hours
F ig  3  P o s to p e r a t iv e  t e m p e r a t u r e  c o u r s e  b y  a g e  a t  o p e r a ­
tio n . S q u a r e  m a r k  a n d  s o l id  l in e ,  u n d e r  6 m o n th s ;  r o u n d  
m a r k  a n d  h e a v y  b r o k e n  l in e , 6  to  2 4  m o n th s ;  t r i a n g u la r  
m a r k  a n d  d o t t e d  l in e ,  o v e r  2 4  m o n th s .
developed significant infection, and her tem perature 
chart w as unrem arkable, although her infection was 
apparent on physical examination.
A previous study  of craniofacial patients has re­
ported the incidence of postoperative pyrexia to be 
81%, which is sim ilar to the 76% in our study. H ow ­
ever, the bim odal distribution that w e identified does 
not appear to have been previously reported am ong 
patients undergoing craniofacial surgery. Curiously, 
this has been noticed after cardiac surgery .14 The 
etiology of this double-peak phenom enon remains 
unclear, and m ore careful and divergent analysis is 
needed. We speculate that prospective m easurem ent 
of known pyrogens .15 such as interleukin (IL)-l, 
tum or necrosis factor-ot, IL-6, or interferon-7 , m ay 
assist in elucidating the cause, and we recognize that 
the two peaks m ight be caused by two different agents.
Finally, the correlation betw een the longer d u ra­
tion of surgery and the higher incidence of complica­
tion, including pyrexia, have been suggested by 
previous studies. ,17 This is highlighted in our study 
where the observed tem perature rise was slightly less 
in the cases of sagittal synostosis than either coronal 
or metopic synostosis. We speculate that this might 
be caused by the differences in the length of their 
surgical intervention.
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co m p le tin g  th is  w ork .
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Pyrexia After Transcranial Surgery for Pfeiffer Syndrome
Ikkei Tamada, MD, * f David J. David, AC, MD, FRCS(Ed), FRCS(Eng), FRACS, *+ 
and Peter J. Anderson, MD, PhD, FDSRCS(Ed), FRCS(Eng), FRCS(Plast), FRACS*$
Background: Previously, we have reported the pattern o f temper­
ature increase after transcranial surgery for nonsyndromic cranio­
synostosis. It was found that pyrexia had a bimodal distribution 
during the first 48 hours after surgery.
Aim: The aims of this study were to evaluate pyrexia after trans­
cranial surgery for syndromic craniosynostosis (Pfeiffer syndrome), 
to investigate whether the same pattern occurred, and to evaluate the 
correlation, between pyrexia and possible factors, that is, sex, age, 
procedure, length o f surgery, and incidence o f postoperative 
cerebrospinal fluid (CSF) leakage.
Method: Twenty-one sequential case notes o f  Pfeiffer syndrome 
were retrospectively reviewed to collect 38 postoperative tempera­
ture courses. The mean change o f temperature was plotted on a 
graph with a trend line to find the feature o f the course.
Results: Pyrexia after transcranial surgery for Pfeiffer syndrome 
had a bimodal distribution during the first 48 hours, similar to the 
pyrexia after transcranial surgery for nonsyndromic craniosynos­
tosis. This pyrexia was higher and more prolonged in those 
undergoing a longer surgical procedure and frontofacial advance­
ment and procedures accompanied with postoperative CSF leakage. 
Moreover, the temperature course was more complex in procedures 
accompanied with postoperative CSF leakage.
Conclusions: It was concluded that in Pfeiffer syndrome, which has 
more complicated pathologic status than nonsyndromic craniosy­
nostosis, also had bimodal postoperative temperature course. 
Although the etiology o f the bimodal pyrexia remains unclear, it 
seems that it is part o f the normal postoperative course in these 
cases. However, prolonged raised temperature within the first 48 
postoperative hours may suggest a complication.
Key Words: Pyrexia, craniosynostosis, Pfeiffer syndrome
(J Craniofac Surg 2009;20: 414-416)
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Pyrexia is a commonly observed phenomenon in practice after any kind o f surgery. Among the different reasons for fever origin, 
infection is recognized as one o f the most common causes o f 
pyrexia. Because infection can be life threatening, it is important not 
to overlook the infectious cause o f pyrexia.1. However, it is a 
common clinical observation to encounter postoperative tempera­
ture increase without infection after surgery, and distinguishing fever 
resulting from surgical complication from a raised temperature after 
surgery is not always easy. Indeed, to distinguish infectious fever 
from normal postoperative pyrexia, some reports have identified the 
differences between infectious and noninfectious fevers.3,4
To clarify features o f pyrexia after transcranial surgery for 
craniosynostosis, we have previously reported the pattern o f 
temperature increase after transcranial surgery for nonsyndromic 
craniosynostosis.5 It was found that temperature increase had a 
bimodal distribution during the first 48 hours after surgery. However, 
syndromic craniosynostosis has a different genetic pathology from 
nonsyndromic craniosynostosis.6 Moreover, syndromic craniosy­
nostosis is usually accompanied with severe midface hypoplasia that 
requires midface advancement, and with additional surgery, it is 
possible that postoperative temperature course may have different 
features.
The aims o f this study were to evaluate the temperature after 
transcranial surgery for syndromic craniosynostosis (Pfeiffer syn­
drome), to investigate whether the same pattern occurred, as in 
nonsyndromic craniosynostosis, and also to evaluate the correlation 
between pyrexia after transcranial surgery for Pfeiffer syndrome and 
possible factors, that is, sex, age, procedure, length o f surgery, and 
incidence o f postoperative cerebrospinal fluid (CSF) leakage.
METHOD
The database o f the Australian Craniofacial Unit was used to 
identify patients with Pfeiffer syndrome who underwent transcranial 
surgery between 1985 and 2007. The records including postoper­
ative temperature course were observed and recorded. The mean 
temperatures o f each 4 hours within 48 hours and each 8 hours 
afterward, respectively, after the procedure were evaluated. The 
mean change of temperature was plotted on a graph with a trend line 
o f a 3-period moving average, using Microsoft Excel to find the 
feature of the course.
RESULT
Twenty-one sequential case notes o f Pfeiffer syndrome were 
retrospectively identified. The population consisted o f 10 men and 
11 women. Thirty-eight transcranial operations were performed on 
these 21 patients. Transcranial operations consisted o f 25 fronto- 
orbital advancement with or without cranial reshaping, 6 frontofacial 
advancement with or without distraction osteogenesis, and 7 
craniectomies (Table 1). Postoperatively, patients were managed 
according to the unit protocol. Prescribed analgesia was paraceta­
mol, and narcotics were rarely used. There was no case that was 
complicated by an obvious surgical site infection that required 
surgical intervention or nonsurgical site infection such as a 
respiratory tract infection within the first 5-day postoperative period.
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TABLE 1. N um ber of Patients W h o  Underw ent Transcranial 
Surgery for Pfeiffer Syndrom e
Type of Surgery Male Female Total
Fronto-orbital advancement (+cranioplasty) 12 13 25
Frontofacial advancement 3 3 6
Craniectomy 6 1 7
Total 21 17 38
Pyrexia after transcranial surgery for Pfeiffer syndrome had a 
bimodal distribution during the first 48 hours, which is similar to the 
temperature course after transcranial surgery for nonsyndromic 
craniosynostosis (Fig. 1). This was true for both men and women 
(Fig. 2) and for all age-related subgroups, but pyrexia was less 
prolonged in those patients whose surgery was undertaken before 
the age of 6 months (Fig. 3). The bimodal pyrexia was higher and 
more prolonged in those undergoing longer surgical procedure 
(Fig. 4), frontofacial advancement (Fig. 5), and procedures 
accompanied with postoperative CSF leakage. Moreover, in cases 
accompanied with CSF leakage, the postoperative temperature 
course was more complicated than bimodal (Fig. 6).
DISCUSSION
Pyrexia has been thought to be one o f the most important 
indicators o f postoperative complication, particularly infection. 
Because bacterial endotoxins or exotoxins stimulate leukocytes o f 
infected host to produce a series o f pyrogens,7 infection can be the 
cause of postoperative pyrexia. However, in clinical practice, it is not 
unusual to encounter prolonged high temperature without any signs 
of complication, in daily practice o f transcranial surgery. Previously, 
we have reported the bimodal distribution o f temperature increase 
during the first 48 hours after transcranial surgery as a normal 
postoperative temperature course of nonsyndromic craniosynosto­
sis. Similar to the previous report, we also found bimodal 
distribution of temperature increase during the first 48 hours after 
transcranial surgery for Pfeiffer syndrome. Curiously, this phenom­
enon was previously reported only in the cardiac surgery.8
Recently, Mitchell et al9 reported the serum cytokine 
secretion after cardiac surgery and concluded that tumor necrosis 
factor a  (TNF-a) and interleukins 1|3 and 8 (IL -ip  and IL-8) had 
bimodal secretion increase within the postoperative 48 hours, but
Hours after Surgery
FIGURE 1. Postoperative temperature course of all over 
cases.
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Hours after Surgery
F IG U RE  2. Postoperative temperature course by sex. M ale  
(triangular mark and solid line). Female (round mark and  
dotted line).
Hours after Surgery
F IG U RE  3. Postoperative temperature course by age. A ge  
younger than 6 m onths (triangular mark and solid line). A ge  
older than six m onths and you nger than 4 years (round mark 
and dotted line). A ge  older than 4 years (cross mark and gray  
solid line).
Hours after Surgery
F IG U RE  4. Postoperative temperature course by length of 
surgery. Length of surgery longer than 180 m inutes (triangular 
mark and solid line). Length of surgery shorter than 180  
minutes (round mark and dotted line).
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Hours after Surgery
FIGURE 5. Postoperative temperature course by procedure. 
Frontofacial advancem ent (triangular mark and solid line). 
Fronto-orbital advancem ent (round mark and dotted line). 
Craniectomy (cross mark and gray  solid line).
cytokine that demonstrated a significant association with postoper­
ative fever was IL-6. However, the postoperative fever they defined 
was fever above 38°C, and we still consider that TNF-a, IL -ip , or 
IL-8 may participate in the bimodal temperature increase after 
transcranial surgery. Because the number o f articles reporting 
bimodal temperature increase is still limited, further investigation 
including measurement o f the serum cytokine secretion is desirable 
to determine the mechanism o f cytokine interaction in pyrexia after 
transcranial surgery.
Concerning patients’ age at surgery, pyrexia was less 
prolonged in those patients whose surgery was undertaken before 
6 months old, and this finding was similar to our previous report in 
which patients with simple craniosynostosis who were treated before 
6 months had less pyrexia than other age groups. We speculate that 
this may because flexibility o f the cranial bone at this stage made 
surgical manipulation easier or because patients younger than 6 
months had not undergone extensive surgery.
In the previous studies,10’11 the correlation between the length 
of surgery and incidence o f complication has been suggested. We 
also have reported about the incidence o f lower pyrexia in sagittal 
synostosis and speculated that it might be caused by the differences 
in the length of surgery. In the presented study, higher, prolonged 
temperature course was found in those undergoing longer surgical 
procedure, frontofacial advancement, and procedures accompanied 
with postoperative CSF leakage. There were no patients in this series 
who presented meningitis after CSF leakage. This finding of higher, 
prolonged pyrexia in those undergoing extensive surgery including 
frontofacial advancement is more likely to be complicated by CSF 
leakage. Cerebrospinal fluid leakage results in a more complex, 
swinging pattern of postoperative temperature changes than simply 
bimodal. We suggest that postoperative complex pyrexia may be an 
indicator of complication and that careful observation for the pattern 
of temperature increase within the first 48 postoperative hours may 
benefit to the early finding o f the postoperative complication. 
However, because the number o f  patients investigated in the current
Hours after Surgery
F IG U RE  6. Postoperative temperature course by CSF leakage. 
Cerebrospinal fluid leakage (+) (triangular mark and solid line). 
Cerebrospinal fluid leakage ( — ) (round mark and dotted line).
study is limited, further investigation in a larger number o f patients 
would clarify this.
CONCLUSIONS
It was concluded that even in a complex craniosynostosis 
syndrome, Pfeiffer syndrome, there is a bimodal distribution of 
temperature course. Those treating syndromic craniosynostosis 
should be aware o f  this normal phenom enon, and further 
investigation for the fever origin may be recommendable if  the 
pattern o f temperature increase within the first 48 postoperative 
hours is complex, apart from the simple bimodal pattern.
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Temperature Course After Transcranial Surgery for 
Apert Syndrome: A Possible Indicator for 
Postoperative Complication
Ikkei Tamada, MD, * f David J. David, AC, MD, FRCS(Ed), FRCS(Eng), FRACS, * t 
and Peter J. Anderson, MD, PhD, FDSRCS(Ed), FRCS(Eng), FRCS(Plast), FRACSM
Background: Pyrexia after surgical procedure is a commonly ob­
served phenomenon. However, it is not easy to distinguish pyrexia 
related to a postoperative complication from the normal temperature 
increase after surgery. The aims o f this study were to establish a 
normal template for postoperative temperature course after trans­
cranial surgery in patients with Apert syndrome and to investigate 
the correlation between the pattern o f temperature increase and 
etiological factors.
Methods: Seventy-seven sequential case notes o f patients with 
Apert syndrome were retrospectively reviewed to collect postoper­
ative temperature courses. The mean change o f temperature was 
plotted on a graph with trend line to compare the feature of the 
course in each possible factor. A separate group o f those who un­
derwent fronto-orbital advancement was independently evaluated. 
Results: The temperature course had a bimodal distribution during 
the first 48 hours. However, those who underwent longer surgery, 
fronto-facial advancement, or those accompanied by complication 
seemed to have the more obvious third temperature peak around 
50 hours postoperatively. This finding was also hue in the indepen­
dent fronto-orbital advancement group. Temperature courses without 
postoperative complication seemed to have bimodal distribution of 
temperature course; on the other hand, those with postoperative com­
plication seemed to have the obvious third temperature peak around 
postoperative 50 hours.
Conclusions: Together with our previous study, it was concluded 
that pyrexia after transcranial surgery had a bimodal distribution 
as a normal course within the first 48 hours postoperatively. More-
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over, it was suggested that the third temperature peak around 
50 hours postoperatively could be an indicator for a postoperative 
complication.
Key Words: Craniosynostosis, Apert syndrome, postoperative 
complication, transcranial surgery, temperature increase
(J Craniofac Surg 2010;21: 50-53)
Pyrexia is a commonly observed phenomenon after any kind of surgery. Among different causes o f pyrexia, infection is one of 
the most important because it can sometimes be life-threatening if 
overlooked. However, postoperative temperature increase can be 
encountered without any complication, so distinguishing fever re­
sulting from a surgical complication from a raised temperature after 
surgery is not always easy. These findings are also true after 
transcranial surgery because Esparza and Hinojosa1 have reported 
that the most frequent complication after transcranial surgery was 
postoperative hyperthermia (13.17% o f the cases) followed by in­
fection (8.10%). There still remains uncertainty about the signifi­
cance o f postoperative temperature observation, and some reports 
have concluded that pyrexia is not accurate enough as an indicator 
of complications; however, some reports concluded that pyrexia 
still has some relevance in clinical practice. In most o f these re­
ports, the definition o f pyrexia was the temperature above a certain 
degree (in most, 38°C), and postoperative fever was judged on all- 
or-none basis.
Previously, we have investigated the postoperative tempera­
ture course after transcranial surgery from a different aspect, that is, 
the pattern o f temperature increase. And we have reported the bi­
modal temperature increase as a normal temperature course in both 
nonsyndromic craniosynostosis2 and Pfeiffer syndrome.3 Moreover, 
m the latter report that relates to syndromic craniosynostosis, we 
also have found the tendency o f prolonged complex course in cases 
of longer surgery including fronto-facial advancement (FFA) and 
those accompanied by the postoperative complication. However, 
further investigation about a particular pattern o f temperature course 
as a possible indicator for postoperative complication was not sat­
isfactory because length of surgery, type o f  surgery, and postop­
erative complication could be influenced by each other and also 
because of the limited number o f the cases.
The aim of this study was to investigate whether our previous 
findings for postoperative temperature course in other forms of 
syndromic craniosynostosis can be also applied to Apert syndrome. 
Second, we wished to investigate the correlation between the pattern 
o f temperature increase and possible factors, that is, sex, age, pro­
cedure, length of surgery, and incidence o f postoperative complica­
tions, after transcranial surgery for Apert syndrome, to verify our
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TABLE 1. Transcranial Surgeries for Apert Syndrom e
Male Female Total
FOA 35 39 74
Craniectomy 12 13 25
FFA 11 7 18
Total 58 59 117
hypothesis that some particular pattern o f postoperative temperature 
course could be an indicator for postoperative complication.
METHODS
The database o f the Australian Craniofacial Unit was used 
to identify all available cases o f Apert syndrome in the unit. The 
records were observed to record postoperative temperature course, 
sex, age at operation, type o f surgery, length of surgery, and post­
operative complication. The mean temperatures o f each 4 hours 
within 48 hours postoperatively and each 8 hours within further 
80 hours postoperatively were evaluated. The mean change of tem­
perature was plotted on a graph with trend line o f 3-period average 
moving, using Excel (Microsoft, Redmond, WA) to find the feature 
of the course in each possible factor. Furthermore, the temperature 
course in fronto-orbital advancement (FOA) group was separately 
investigated to find the feature o f  tem perature course by 
complications.
RESULTS
One hundred sequential patients o f Apert syndrome were 
retrospectively identified. Among those patients, 77 patients (38
TABLE 2. Com plications  
Surgery
No. Surgery Com plication
18 FOA Upper airway infection, diarrhea
24 FOA CSF leak
41 FOA Fecal Salmonella
46 FOA Small surgical infection, RSV 
bronchitis
51 FOA Fecal Salmonella
56 FOA Fecal Salmonella
62 FOA Viral upper respiratory tract 
infection
104 FOA Atelectasis
105 FOA CSF leak, frontal lobe infarction
114 FOA Intraoperative atelectasis
40 Posterior craniectomy Fecal Salmonella
48 Posterior craniectomy Diarrhea
65 Posterior craniectomy Urinary tract infection
2 FFA CSF leak
39 FFA CSF leak
70 FFA CSF leak
81 FFA CSF leak
95 FFA Upper respiratory tract infection, 
facial cellulitis
109 FFA CSF leak
© 2010 Mutaz B. Habal, MD
Hours afterS urgery 
F IG U RE  1. Postoperative temperature course of all cases.
males and 39 females) had undergone at least 1 episode of surgery. 
One hundred seventeen transcranial operations were performed on 
these 77 patients. Transcranial operations consisted o f 74 FOA with 
or without cranial reshaping, 18 FFA with or without distraction 
osteogenesis, and 25 craniectomies (most surgeries were for lamb- 
doid sutures; Table 1). Length o f surgery (not including anesthetic 
duration) could be identified in 61 operations.
Postoperatively, patients were managed according to the unit 
protocol, and paracetamol was routinely prescribed as an analgesic. 
Postoperatively, 7 operations were complicated by cerebrospinal 
fluid (CSF) leakage and 12 operations were complicated by other 
systemic problems considered to be possible factors for postoper­
ative pyrexia (Table 2). Among the 74 FOA operations, 10 opera­
tions were accompanied by postoperative complications.
Temperature course after transcranial surgery for Apert syn­
drome had basically a bimodal distribution during the first 48 hours, 
which is similar to the previously reported temperature course after 
transcranial surgery for nonsyndromic craniosynostosis and Pfeiffer 
syndrome (Fig. 1). There was no significant difference between 
patients’ sex. The third peak around 50 hours postoperatively, after 2 
normal temperature peaks, seemed more obvious in those patients 
whose surgery was undertaken after 4 years (Fig. 2), who underwent 
longer surgical procedure (Fig. 3), FFA (Fig. 4), and procedures 
complicated by postoperative CSF leakage (Fig. 5).
Among FOA surgeries, there was no statistically significant 
difference in length o f surgery between 2 groups (with or without 
complications). Temperature courses without postoperative compli­
cation seemed to have bimodal distribution o f temperature course; 
on the other hand, those with postoperative complication seemed to
Hours after Surgery
F IG U RE  2. Postoperative temperature course by age. Round  
mark and solid line indicate age  you nger than 6 m onths; 
triangular mark and dotted line, age  between 6 m onths and  
4 years; cross mark and gray solid line, age  older than 4 years.
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Hours after Surgery
F IGURE 3. Postoperative temperature course by length of 
surgery. Round mark and  solid line indicate surgery shorter 
than 180 minutes; triangular mark and  dotted line, surgery 
longer than 180 minutes.
have trimodal distribution (Fig. 6), which had the third peak around 
50 hours postoperatively.
DISCUSSION  
Overview of the Cases
In the current study, we could find the bimodal pattern o f 
postoperative temperature course as a feature of whole cases (Fig. 1 ), 
similar to the previously reported temperature courses in nonsyn- 
dromic and Pfeiffer syndrome cases. Apert syndrome is known as a 
complex craniosynostosis sometimes accompanied by brain anoma­
lies, including agenesis o f the corpus callosum and septum pellu- 
cidum, and ventriculomegaly.4,5 Given the result that no significant 
difference was observed in the temperature course between Apert 
syndrome and other synostosis, it seems that the central nervous 
system anomaly o f Apert syndrome does not influence the cascade 
of temperature increase via hypothalamus. Consequently, together 
with our previous finding in nonsyndromic craniosynostosis and 
Pfeiffer syndrome, we consider this bimodal temperature distribu­
tion as a common feature o f temperature course after transcranial 
surgery.
Sex
We have already reported that there was no significant def­
erence between patients’ sex, regarding temperature course after 
transcranial surgery for Pfeiffer syndrome.3 This was also true in the 
current study; consequently, it would be concluded that difference
Hours after Surgery
F IG U R E  5. Postoperative temperature course by complication. 
Round mark and solid line indicate no complication; 
triangular mark and dotted line, com plication other than  
CSF leakage; cross mark and gray solid line, CSF leakage.
in sex does not influence the temperature course after transcranial 
surgery.
Patients' Age
Regarding the patients’ age at surgery, we have previously 
reported that pyrexia was less prolonged in those who underwent 
surgery before 6 months old and speculated that might be because 
patients younger than 6 months had not undergone extensive 
surgery.3 In the current study, this phenomenon was not obvious, but 
instead o f that, we could find the more significant feature o f the third 
peak around 50 hours postoperatively in the patients whose surgery 
was undertaken at 4 years old (Fig. 2). Interestingly, this unique peak 
was also obvious in the patients who underwent surgery longer than 
180 minutes, FFA, and had postoperative complications (Figs. 3-5). 
This was almost the same finding as we have described in our 
previous study for Pfeiffer syndrome.3 However, because length o f 
surgery, type of surgery, and postoperative complication could 
influence each other, we made another investigation to clarify the 
responsible factor for the third temperature peak.
Further Investigation in the FOA Group
It seems to be natural that older patients tend to undergo 
longer and more complex surgery, hence they are prone to have a 
postoperative complication. However, in further analysis in the FOA 
group made to evaluate the hypothesis that postoperative complex 
pyrexia may be an indicator o f  complication, we could identify the 
feature o f temperature increase in this procedure was unrelated the 
length o f surgery (Fig. 6). Consequently, we speculate that the third
Hours after Surgery
FIGURE 4. Postoperative temperature course by procedure. 
Round mark and solid line, FOA; triangular mark and dotted 
line, craniectomy; cross m ark and gray  solid line, FFA.
Hours after Surgery
F IG U RE  6. Postoperative temperature course by com plication  
in the FOA group. Round mark and solid line indicate no  
complication; triangular mark and dotted line, complication (+).
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temperature peak around 50 hours postoperatively could have the 
potential to be an indicator for postoperative complication.
Significance of Postoperative Temperature 
Measurement
Some arguments about the value o f postoperative routine 
temperature observation still remain. Previously, considerable num­
bers of studies have already revealed inaccuracy o f  postoperative 
pyrexia as an indicator for postoperative complication.6~ 3 Also 
recently, Vermeulen et a l14 analyzed data o f  284 patients in a pro­
spective and triple-blinded way and concluded that routine tem­
perature measurement is o f  limited value in the detection o f infection 
after elective surgery for noninfectious conditions and even advised 
to abandon routine postoperative temperature measurements. How­
ever, as Dellinger13 stated in his editorial commentary, prolonged 
or late-onset postoperative fever is still considered to have some 
important meaning in postoperative patient care.16'17 The Task Force 
of the Society of Critical Care Medicine and the Infectious Diseases 
Society of America reported the recommendation that stated, “New 
onset of temperature >38.3°C is a reasonable trigger for a clinical 
assessment but not necessarily for a laboratory or radiological eval­
uation for the presence o f infection.” 18 There is also the suggestion 
to use temperature as an indicator combined with other factors in­
cluding white blood cell count, serum urea nitrogen level, and fever 
onset after the second postoperative day.19 However, most o f those 
research have been based on a certain definition for pyrexia (in 
majority, temperature >38°C) and different from our attitude toward 
temperature assessment. Although it is difficult to set a normal 
temperature course in every single type o f  surgical procedure, it 
is acceptable to use a pattern o f  temperature change as a baseline 
because normal temperature can be different for each person. Other 
than our previous report, bimodal distribution o f temperature in­
crease during the first 48 hours was previously reported in the 
cardiac surgery.20 According to the report o f Mitchell et al,21 tumor 
necrosis factor a, interleukin (IL) 1 (3, and IL-8 had bimodal secre­
tion increase within 48 hours postoperatively, although the cytokine 
that demonstrated a significant association with postoperative fever 
was IL-6. The interaction o f each cytokines is complex,22 but there 
seems to be a normal pattern in secretion cascade o f cytokines in 
temperature increase after transcranial surgery. It can be dangerous 
to rely too heavily on this template because infection can occur 
without pyrexia. We believe that using the bimodal pattern as a 
normal template, a third peak around 50 hours postoperatively raises 
the possibility o f postoperative complications.
The phenomenon we have reported in this study is still a 
retrospective observation, and there was variance in the frequency 
of temperature measurement. We have now altered our protocol to 
have postoperative temperature recorded every 4 hours in the first 
72 hours postoperatively. A prospective study is underway to con­
firm these findings.
CONCLUSIONS
Considered together with previously reported temperature 
course after transcranial surgery, it was reconfirmed that pyrexia 
after transcranial surgery had a bimodal distribution as a normal 
course within the first 48 hours postoperatively, regardless o f the 
patients’ background. Moreover, it was suggested that the third 
temperature peak around 50 hours postoperatively had the possi­
b ility  to b e  an  ind ica to r fo r p o sto p e ra tiv e  com plica tio n s. A lth o u g h  
fu rth er investiga tion  is des irab le  to  in v estig a te  accu racy  as an  in ­
d icato r, to be  aw are o f  these  p h en o m en o n  w o u ld  be  use fu l in the 
m an ag em en t o f  pa tien ts  w ho  u n d e rw en t tran scran ia l surgery.
REFERENCES
1. Esparza J, Hinojosa J. Complications in the surgical treatment o f 
craniosynostosis and craniofacial syndromes: apropos o f 306 
transcranial procedures. Childs Nerv Syst 2008;24:1421-1430
2. Takagi S, Anderson PJ, David DJ. Pyrexia after transcranial surgery.
J  Craniofac Surg  2006;17:202-204
3. Tamada I, David DJ, Anderson PJ. Pyrexia after transcranial surgery for 
Pfeiffer syndrome. J  Craniofac Surg  2009;20:414-416
4. Cohen MM Jr, Kreiborg S. The central nervous system in the Apert 
syndrome. Am J  M ed Genet 1990;35:36-^t5
5. Raybaud C, Di Rocco C. Brain malformation in syndromic 
craniosynostoses, a primary disorder o f white matter: a review.
Childs Nerv Syst 2007;23:1379-1388
6. Freischlag J, Busuttil RW. The value o f  postoperative fever evaluation. 
Surgery 1983;94:358-363
7. Galicier C, Richet H. A prospective study o f  postoperative fever in a 
general surgery department. Infect Control 1985;6:487-490
8. Garibaldi RA, Brodine S, Matsumiya S, et al. Evidence for the 
non-infectious etiology o f  early postoperative fever. Infect Control 
1985;6:273-277
9. Kenan S,_Liebergall M, Simchen E, et al. Fever following orthopedic 
operations in children. J  Pediatr Orthop 1986;6:139-142
10. Roberts J, Barnes W, Pennock M, et al. Diagnostic accuracy o f  fever as 
a measure o f postoperative pulmonary complications. Heart Lung  
1988;17:166-170
11. Shackelford DP, Hoffman MK, Davies MF, et al. Predictive value for 
infection o f  febrile morbidity after vaginal surgery. Obstet Gynecol 
1999;93:928-931
12. Wilson AP, Treasure T, Grüneberg RN, et al. Should the temperature 
chart influence management in cardiac operations? Result o f  a 
prospective study in 314 patients. J  Thorac Cardiovasc Surg  
1988;96:518-523
13. Yeung RS, Buck JR, Filler RM. The significance o f  fever following 
operations in children. J  Pediatr Surg 1982;17:347-349
14. Vermeulen H, Storm-Versloot MN, Goossens A, et al. Diagnostic 
accuracy o f  routine postoperative body temperature measurements.
Clin Infect Dis 2005;40:1404-1410
15. Dellinger EP. Should we measure body temperature for patients who 
have recently undergone surgery? Clin Infect Dis 2005;40:1404-1410
16. Ballestas HC. Postoperative fever: to what is the body really responding? 
A O R N J  2007;86:983-988
17. Dionigi R, Dionigi G, Rovera F, et al. Postoperative fever. Surg Infect 
(Larchmt) 2006;7(suppl 2):S17-S20
18. O ’Grady NP, Barie PS, Bartlett JG, et al. Practice guidelines for 
evaluating new fever in critically ill adult patients. Task Force o f  the 
Society o f  Critical Care Medicine and the Infectious Diseases Society o f 
America. Clin Infect Dis 1998;26:1042-1059
19. Mellors JW, Kelly JJ, Gusberg RJ, et al. A simple index to estimate the 
likelihood of bacterial infection in patients developing fever after 
abdominal surgery. Am Surg  1988;54:558-564
20. Thong W Y; Strickler AG, Li S, et al. Hyperthermia in the forty-eight 
hours after cardiopulmonary bypass. Anesth Analg  2002;95:1489—1495
21. Mitchell JD, Grocott HP, Phillips-Bute B, et al. Cytokine secretion after 
cardiac surgery and its relationship to postoperative fever. Cytokine 
2007;38:37-A2
22. M oltz H. Fever: causes and consequences. Neurosci Biobehav Rev 
1993;17:237-269
© 2010 Mutaz B. Habal, MD 53
Childs Nerv Syst (2009) 25 :871-874  
DOI 10.1007/s003 81 -009-0842-6
ORIGINAL PAPER
Management of cranial deformity following 
ventricular shunting
X. D oorenbosch • C. J. M olloy  • D . J. D avid  •
S. Santoreneos • P. J. A n derson
Received: 8 January 2009 /P ublished  online: 27 February 2009 
©  Springer-Verlag 2009
Abstract
Purpose Ventricular shunt-induced craniosynostosis is a 
widely recognised cause of secondary craniosynostosis. We 
reviewed the management and long-term outcome of the 
cases of cranial deformity post cerebrospinal fluid shunting 
in our unit and compared these with previously published 
series.
Methods The Australian Craniofacial Unit and Department 
of Neurosurgery database was searched to identify cases of 
ventricular shunt-induced cranial deformity and a case note 
review was undertaken.
Results Eight cases were identified, and all were shunted 
within 6 months of birth. Our patients required shunting with 
a low pressure valve for hydrocephalus secondary to either 
aqueduct stenosis or intraventricular haemorrhage. The 
diagnosis was made following computed tomography (CT) 
three-dimensional surface reconstruction of the skull. Two 
cases of confirmed suture fusion were treated with cranial 
vault remodelling and programmable shunt insertion. In six 
cases, the sutures were not completely fused on the CT 
images despite a scaphocephalic head shape. These patients 
were managed conservatively with close monitoring. 
Conclusion Cranial vault remodelling together with inser­
tion of programmable shunt valve is indicated in CT 
confirmed cases of secondary craniosynostosis.
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K eyw ords Secondary craniosynostosis • Hydrocephalus ■ 
Ventricular shunt • Sagittal synostosis • Scaphocephaly • 
Programmable shunt valve
Introduction
Ventricular shunting is a well-established treatment for 
hydrocephalus in infancy [1], However, it has been recog­
nised that decompression of the cerebral ventricles may 
interfere with the cranial vault growth, and in some cases, 
this leads to premature fusion of the sutures. This was first 
reported by Strenger [2] in 1963, and since then, ventricular 
shunting has been a widely recognised cause of secondary 
craniosynostosis [3-7], The published incidence of this 
complication varies between 1.0% and 12.4% [4, 5, 8]. 
Surprisingly, however, there is a marked paucity of infor­
mation in the literature about this condition especially in 
relation to its management. We wish to review the cases of 
secondary synostosis from our unit to assess management 
and long-term outcome o f this rare condition.
M ethod
The Australian Craniofacial Unit and Department of Neuro­
surgery database was searched to identify cases of ventric­
ular shunt-induced craniosynostosis. Inclusion in the study 
required confirmation of scaphocephaly according to March 
of Dimes cranial index of scaphocephaly and ventricular 
shunting in the first 12 months of life. Cases of syndrome- 
associated scaphocephaly were excluded. A case note review 
was undertaken to confirm that the inclusion criteria were 
met and to assess the varying management and progress of 
these children.
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Table 1 Individual patient data








A ge at cranial vault 
remodelling
L.E $ Aqueduct stenosis No 2 days Low 7 months Yes 14 months
T.W o A queduct stenosis No 4 weeks Low 2 months No N/A
D.R 9 IVH Yes 4 months Low 10 months No N/A
J.L 3 IVH Yes 4 months Low 9 months Partial N/A
J.H 9 IVH Yes 5 weeks Low 9 months Yes 12 months
C.T S E.Coli meningitis Yes 2 months Low 6 months No N/A
B.H â IVH No 5 weeks Low 3 months No N/A
D.N $ 1VH Yes 5 months Low 7 months No N/A
All ages are not corrected for prematurity 
Results
Eight cases o f  scaphocephaly resulting from  ventricular 
shunting w ere identified, and no one w as excluded. There 
were three girls and five boys. All w ere shunted within 
6 months o f  birth (Table 1). Two cases required shunting 
for hydrocephalus secondary to aqueduct stenosis, five 
were shunted for hydrocephalus follow ing intraventricular 
haemorrhage and one w as shunted after meningitis. Low  
pressure shunt valves w ere inserted in all cases. The 
children w ere follow ed up at a  m inim um  o f  three m onthly 
in their first year o f  life and during this routine appoint­
ment, the abnorm al head shape w as noted w hich prom pted 
a computed tom ography (CT) three-dim ensional surface 
reconstruction o f  the skull for suspicion o f  secondary 
craniosynostosis. Two cases w ere treated w ith cranial vault 
rem odelling and p rogram m able  shun t valve insertion  
(Figs. 1, 2 and 3). In five cases, the radiological appear­
ances o f  the sagittal suture appeared to be patent, although 
thickened bone w as found adjacent to the sutures. These 
cases were m anaged conservatively w ith close follow -up 
and serial im aging. In one case, the sagittal suture w as only
Fig. 1 Abnormal head shape 
secondary to ventricular 
shunting
partially fused; therefore, an attem pt w as m ade to  expand 
the cranial vault by  inserting a program m able shunt valve 
and then progressively increasing the valve opening pres­
sure. This w as abandoned when the child started exhibiting 
signs o f  raised intracranial pressure. He has since been 
m anaged conservatively as well. O ne child died at the age 
o f  7 years old follow ing acute hydrocephalus secondary to 
shunt obstruction. The other seven children have varying 
degrees o f  developm ental delay on form al neuropsychology 
assessm ent w ithout clinical signs and sym ptom s o f  raised 
intracranial pressure. In tw o o f  the cases m anaged conser­
vatively, there has been a m arked im provem ent in the 
head shape w ithout any radiological evidence o f  progres­
sive suture fusion.
Discussion
The prevalence o f  congenital and infantile hydrocephalus 
has been estim ated as 0.48 to 0.81 per 1,000 live and still 
births [9-11]. H ydrocephalus occurs in approxim ately 35%  
o f  infants w ith intraventricular haem orrhage and 15-20%  o f
Springer
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Fig. 2 Pre-cranial vault 
remodelling surgery
those will require cerebrosp inal flu id  d iversion  by  m eans o f  
ventricular shunting  p rocedures [12]. W e could  find no 
significant series pub lished  describ ing  the m anagem ent 
o f shunt induced cran iosynostosis despite  it be ing  a w ell- 
acknow ledged co m p lica tio n  o f  shun ting . To date , w e 
believe that this w ill be the largest case series review ing 
the m anagem ent o f  shun t-induced  cranial deform ity.
The m ajor com plications associated  w ith  uncorrected  
craniosynostosis include increased in tracran ial pressure, 
altered cranial base resu lting  in facial asym m etry, m aloc­
clusion as well as po ten tia l adverse effect on the p sycho ­
logical w ell-being [13, 14], T here has been lim ited data 
published specifically  in relation  to the repair o f  secondary  
craniosynostosis. Som e stud ies have recogn ised  the in­
creased com plexity  involved  in the repair o f  the cranial 
vault abnonnality  in these patients and various m ethods 
have been explored to m aintain  the skull shape and preven t
Fig. 3 Postcranial vault 
remodelling surgery
recurrence [3, 4 , 7, 8, 15]. T here are, how ever, also those 
that strongly  d iscourage surgical correction  in these patients 
arguing that the operative risks are unacceptab le  in these 
p a tie n ts  w h o  a re  n o t a t r isk  fo r d e v e lo p in g  ra ised  
intracranial p ressure [3, 4],
Parasagittal and linear craniectom ies w ere described  as a 
m ethod to treat secondary  synostosis by R oberts et al. [5] 
and K loss [6]. A lternatively, Schendel et al. [7] reported  
good results w ith at a m inim um  sagittal strip craniectom y and 
biparietal osteotom ies as w ell as the addition o f  an occipital 
and fi-ontal rem odelling  in those cases w ith severe protrusion. 
T he bone flaps w ere rigidly secured w ith transverse m icro­
plates to m aintain the expanded shape and prevent recurrent 
collapse [7], M ore recently, expansile springs w ere utilised 
to treat patients w ith scaphocephaly  secondary to ventricular 
shunting [16]. This m ethod  w as advocated as an advantage 
over previous craniofacial reshaping techniques in term s o f
â  Springer
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reducing morbidity and blood loss through limited dissec­
tion and shorter operative time.
Six patients did not have complete fusion of the cranial 
sutures on CT despite their scaphocephalic head shape. 
Davis and Lauritzen suggested in their paper published in 
May 2008 [16] that in such cases, craniosynostosis would 
have inevitably resulted and, therefore, advocated interven­
tion before onset. We opted to manage these patients 
conservatively with close clinical and radiological follow- 
up. As reported above, two patients achieved a remarkable 
improvement in their head shape without any intervention; 
therefore, it is unnecessary to place all these patients 
through the risks of an operation based solely on their 
clinical head shape. The close monitoring is specifically 
directed towards early detection and prompt intervention in 
those patients who subsequently develop radiological 
evidence of fused suture.
The cranial deformity seen in our cohort was a scapho­
cephalic shape as are in several other reported cases. We 
utilised the same calvarial remodelling technique as that used 
in primary sagittal synostosis in our unit to achieve a near 
normal cranial contour. This is a safe and appropriate 
procedure in those with CT-proven craniosynostosis. Addi­
tionally, we believe it is imperative to use a programmable 
shunt valve to dilate the ventricles postoperatively to prevent 
the development of a subdural fluid collection which can be 
expected given the expanded cranial vault. It is prudent to be 
cautious despite published series of Shuster et al. [15] 
reporting that this was not an observed complication because 
the small cohort did not reach statistical significance and 
the development of a subdural collection is potentially a 
consequential even though as yet a theoretical one.
Our experience has led to a change in our practice. We 
now only insert programmable shunt valves in patients less 
than 12 months old, the rationale being to maintain 
physiological tension across the cranial sutures and con­
ceivably prevent premature fusion by careful regulation of 
ventricular decompression. Alternatively, an endoscopic 
third ventriculostomy is conducted in appropriate cases. 
This restores physiological cerebrospinal fluid circulation 
circumventing the problems associated with ventricular 
over-drainage.
We conclude that cranial vault remodelling should only be 
performed in those cases with radiological evidence of total 
single or multiple crania! suture synostosis and that post 
remodelling insertion of a programmable shunt valve is an 
important part of the management strategy. Furthermore, 
there is no role for a prophylactic corrective procedure in 
patients with cranial deformity without complete fusion on 
CT imaging.
R eferences
1. Drake JM  (2008) The surgical m anagem ent o f  pediatric hydro­
cephalus. N eurosurgery 62(suppl. 2):633
2. Strenger L (1963) C om plications o f  ventriculovenous shunts. J 
Neurosurg 20:219
3. A ndersson H (1966) C raniosynostosis as a com plication after 
operation for hydrocephalus. A cta Paediatr Scand 55:192
4. Faulhauer K, Schm itz P (1978) O verdrainage phenom ena in shunt 
treated hydrocephalus. Acta N eurochirur 45:89
5. Roberts JR , R ickham  PP (1970) Craniostenosis follow ing Holter 
valve operations. D ev M ed Child Neurol 12(suppl. 22): 145
6. Kloss JL  (1968) C raniosynostosis secondary to ventriculoatrial 
shunt. Am  J Dis Child 116:315
7. Schendel SA, S huer LM (1994) M ultip le-su ture synostosis 
subsequent to ventricular shunting. P last Reconstr Surg 93:1073
8. Pudenz RH, Foltz EL (1991) Hydrocephalus: overdrainage by 
ventricular shunts: a review and recom m endations. Surg Neurol 
35:200
9. Chum as P, Tyagi A, L ivingston J (2001) H ydrocephalus-w hat’s 
new? A rch Dis C hild Fetal N eonatal Ed 85(3):F149
10. Blackburn BL, Finem an RM  (1994) Epidem iology o f  congenital 
hydrocephalus in Utah, 1940-1979: report o f  an iatrogenically 
related “epidem ic” . Am  J M ed G enet 52(2): 123
11. Fem ell E, H agberg G, H agberg B (1994) Infantile hydrocephalus 
epidem iology: an indicator o f  enhanced survival. Arch Dis Child 
Fetal N eonatal Ed 70(2):F 123
12. Volpe JJ (2001) Intracranial hem orrhage: germ inal m atrix- 
intraventricular hem orrhage. In: Volpe JJ (ed) N eurology o f  the 
N ew born, 4th edn. W B Saunders, Philadelphia, p 428
13. Barrit J, Brooksbank M, Simpson D (1981) Scaphocephaly: aesthetic 
and psychosocial considerations. Dev Med Child Neurol 23:183
14. Virtanen R, K orhonen T, Fagerholm  J, Viljanto J  (1999) N euro- 
cognitive sequela o f  scaphocephaly. Pediatrics 103(4 ):791
15. Shuster BA, N orbash AM , Schendel SA (1995) C orrection o f  
scaphocephaly secondary to ventricular shunting procedures. Plast 
Reconstr Surg 96:1012
16. Davis C, Lauritzen C (2008) Spring-assisted rem odeling for ventric­
ular shunt-induced cranial deformity. J Craniofac Surg 19(3):588
Springer
British Journal of Plastic Surgery (2005) 58, 626-631
ELSEVIER
BJPS
An International Journal of 
Surgical Reconstruction
www.bjps.com
Simultaneous multiple vector distraction for 
craniosynostosis syndromes*
Peter J. Anderson*, Eugene Tan, David J. David
Australian Craniofacial Unit, Women’s and Children’s Hospital, 72, Kins William Street, Adelaide SA 5006, 
South Australia
Received 17 November 2003; accepted 15 December 2004
Summary Syndromic craniosynostoses are commonly treated conditions in 
craniofacial units. The features of the common syndromes (Apert, Pfeiffer and 
Crouzon) all include eraniosynostosis, mid-face hypoplasia and ocular proptosis. The 
craniofacial management of a child with these syndromes through to adulthood may 
require a number of surgical interventions to allow brain development, to provide an 
adequate airway, to prevent corneal ulceration and to provide a functional dental 
occlusion. The management of these different priorities into timed interventions in 
our unit is determined by established protocols.
We report two cases that underwent simultaneous mid-face (Le Fort III) and fronto- 
orbital osteotomies followed by distraction but using different vectors to advance 
the upper and mid-face regions (to achieve all treatment goals) in a 12-year-old boy 
and a 16-year-old girl.










A 12-year-old boy w ith  Apert syndrome was 
referred from an outpatient clinic in Indonesia for 
review. He had previously undergone a fronto- 
orbital advance at the age of 1 year with the 
procedure repeated at the age of 6 years. In
*Part of this report was presented at the 3rd International 
Congress on Cranial and Facial Bone Distraction Processes. Paris, 
France. 2001.
'Corresponding author. Tel.: +61 8 8161 7000; fax: +61 8 
8161 7235.
E-mail address: haemro2@hotmail.com (P.J. Anderson).
addition, he had also undergone four procedures 
to separate his fingers.
Currently, his major problems were related to his 
mid-face hypoplasia and persistent frontal flatten­
ing. This resulted in a restricted upper airway and 
corneal ulceration due to the limited cover pro­
vided by the position of both upper and lower 
eyelids. He also had a limited diet because of his 
abnormal dental occlusion. The forehead position 
also contributed to the problem of corneal exposure 
as it  influenced the position of the upper eyelids and 
it  was also considered to be cosmetically poor (Fig. 
1(A) and (B)).
After multi-disciplinary assessment and review it 
was decided to address all of these problems with 
both a forehead and mid-face advancement.
S0007-1226/$ - see front matter ©  2005 The British Association of Plastic Surgeons. Published by Elsevier Ltd. All rights reserved. 
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Figure 1 (A) AP and right lateral photographs dem onstrating the retruded forehead, hypoplastic m id-face and ocular
proptosis. (B) Pre-operative lateral cephalogram , dem onstrating the hypoplastic m id-face. Note the plates from  the 
previous fronto-orbital advancem ent.
Because of his age it  was anticipated that an 
inadequate amount of bone graft could be har­
vested from his iliac crest and ribs to use to 
maintain a satisfactory post-osteotomy position. 
Therefore, to overcome this problem, distraction 
was proposed.
Via a coronal approach an anterior craniotomy 
and fronto-orbital osteotomy was undertaken and 
two 30 mm mid-face distractors applied to the re­
united frontal bone and anchored on the temple 
providing a distraction vector with a mainly anterior 
component. A Le Fort III osteotomy was undertaken 
and the mid-face mobilised. Two more 30 mm mid­
face distractors (Leibinger) were positioned on the 
maxilla and malars, then anchored on the temple to
provide a vector of distraction with both inferior 
and anterior components. Both distractors were 
advanced 2 mm before closure.
Post-operative recovery was uneventful. Distrac­
tion at the rate of 1 mm per day commenced the 
day following surgery (Fig. 2). This was stopped for 
the forehead once 14 mm advancement had been 
reached. The mid-face advancement continued 
until 21 mm had been reached (Fig. 3). This was 
allowed to consolidate for 8 weeks prior to removal 
and stabilisation of the position achieved using 
titanium plates.
His upper airway has improved on formal testing 
and significantly he no longer snores at night. The 
current position of the eyelids affords corneal
Figure 2 Post-operative lateral cephalogram  dem onstrating the position of the fixators.
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Figure 3 (A) Lateral cephalogram  dem onstrating the position at the end o f d istraction w ith the m axillary incisors
advanced beyond the m andibu lar incisors. (B) AP radiograph to dem onstrate the position o f the distractors, (note the 
fixation m edial to the zygom atico-m axillary  junction).
protection. Additionally, he can manage ah 
improved diet and both he and his parents are 
pleased with his improved appearance (Fig. 4(A) 
and (B)).
Case two
A 16-year-old girl with Pfeiffer syndrome was
referred from an outpatient clinic in Malaysia with 
corneal exposure. She was noted to marked mid­
face hypoplasia with a class III dental malocclusion, 
ocular proptosis with corneal exposure as well as 
frontal flattening (Fig. 5).
After multi-disciplinary assessment and review it 
was decided to address all of these problems with 
both a fronto-orbital advancement and mid-face
Figure 4 (A) AP and right lateral c lin ical photographs fo llow ing rem oval of the distractors. (B) Lateral cephalogram
demonstrating the final position. Note the bilateral cranio-m axillary fixation.
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Figure 5 AP and right lateral photographs dem onstrating the retruded forehead, hypoplastic m id-face and ocular  
proptosis.
advancement followed by distraction to achieve the 
large advances required in her case.
Via a coronal approach an anterior craniotomy 
and fronto-orbital osteotomy was undertaken and
tWo 30 mm mid-face distractors applied to the re­
united frontal bone and orbital bar before being 
anchored on the temple providing a distraction 
vector with a mainly anterior component. A Le Fort
Figure 6 AP and right lateral photographs fo llow ing rem oval of the distractors.
630 P.J. Anderson et al.
Ill osteotomy was undertaken and the mid-face 
mobilised. Two more 30 mm mid-face distractors 
(Leibinger) were positioned on both the maxilla and 
malars, then anchored on the temple to provide a 
vector of distraction with both inferior and anterior 
components. Both distractors were advanced 2 mm 
before closure.
Post-operative recovery was uneventful. Distrac­
tion at the rate of 1 mm per day commenced the 
day following. There was a minor cerebrospinal 
fluid leak, which settled spontaneously after 5 days, 
although distraction continued during this period. 
The distraction of the forehead was stopped once 
12 mm advancement had been reached. The dis­
tractors were then removed, because one of the 
'arms’ had become twisted. The mid-face distrac­
tion continued until 21 mm distraction had 
occurred bilaterally. A period of consolidation 
lasting 6 weeks then followed prior to removal of 
the remaining distractors and placement of cranio- 
maxillary fixation with titanium plates. At the same 
operation a costochondral graft was used to 
reconstruct the nose. Post-operative recovery was 
uneventful and the early position is shown (Fig. 6). 
The position has proved stable and her appearance 
3 years later is shown (Fig. 7).
Figure 7 AP photograph 3 years fo llow ing rem oval of 
the distractors.
Discussion
Apert and Pfeiffer syndromes are characterised by 
craniosynostosis, mid-face hypoplasia and ocular 
proptosis in conjunction with limb anomalies.1
The benefit of distraction osteogenesis as a 
treatment following Le Fort III osteotomy to 
improve the upper respiratory tract and to provide 
ocular protection in syndromic craniosynostosis, 
has been established.2 4 This includes the advan­
tages that the stretching of the soft tissue allows a 
greater advancement of the osteotomy than con­
ventional procedures.5 The use of distraction has 
already become assimilated into the treatment 
protocols of those with syndromic craniosynostosis 
requiring mid-face advancement at the Australian 
Craniofacial Unit. It has established a role both in 
skeletally immature children with mid-face hypo­
plasia, in their second epoch of growth6 and, in the 
skeletally mature adult.7
Distraction has also been extended to include its 
use following a more extensive facial osteotomy 
including the upper aspect of the face and the 
forehead (monobloc procedure8) where it  has been 
used in children with co-existing mid-face hypopla­
sia.9 This combined upper and mid-face advance­
ment has led to the use of multiple (four) internal 
distractors, placed in parallel following monobloc 
procedure,10 but there have been technical d iffi­
culties with this approach.5
In our cases, we describe the use of four internal 
distractors positioned so as to allow different 
vectors of distraction to be undertaken to the 
upper third and middle thirds of the face. This has 
resulted in improvement of the upper airway, 
increased ocular protection, enhanced skeletal 
relationship between the maxilla and mandible 
and an enhanced occlusion, thereby meeting all of 
the treatment goals in these cases.
Case 1 is an early result and there is potential for 
relapse from this position and the final outcome can 
only be measured once skeletal m aturity is 
reached. To help prevent relapse we have used 
the same method of cranio-maxillary fixation, 
which we used in our second case6 in whom stability 
at 3 years following surgery has been satisfactory.
The distractors in these cases have been well 
tolerated, with the only complication being the 
accidental twisting of an arm in case 2 and the CSF 
leak also in Case two. These were both considered 
to be minor problems and a previous report using 
mid-face distractors described also reported minor 
problems, although these were different including 
weakness of the zygomatico-maxillary junction.5 
We have been aware of this particular problem and
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undertake an extended dissection to allow place­
ment of the screws for the holding plate either side 
of the junction so preventing disjunction during the 
distraction (Fig. 3(B)).
Overall, the absence of infection in these cases 
we think is due in part due to the meticulous 
attention paid to the pin site management by both 
the parents and the nursing staff.
In conclusion, we report the use of distraction 
devices to allow different vectors of advancement 
between the upper and mid-face in cases of Apert 
and Pfeiffer syndrome following osteotomies, 
which is a management option in selected patients 
with severe syndromic craniosynostosis.
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Ophthalmic Sequelae of Crouzon Syndrome
Timothy L. Gray, M B B S ,1 Theresa Casey, G D P H ,  F R A N Z C O ,1 Dinesh Selva, F R A N Z C O ,2 
Peter J. Anderson, M D , FRCS(Plast) ,3 David J. David, M D , F R AG S3'4
Purpose: To docum ent the frequency o f ophthalm ic sequelae in patients with Crouzon syndrome before the 
influence of craniofacial surgery.
Design: Retrospective observational case series.
Participants: Seventy-one consecutive patients w ith a clinical diagnosis of Crouzon syndrome assessed 
before craniofacial or ophthalm ic surgery at the Australian Craniofacial Unit between 1984 and 2000.
Methods: Review o f clinical records with documentation of patient age, gender, visual acuity, refractive 
error, diagnosis o f amblyopia, squint, eye movement dysfunction, nystagmus, fundus examination, examination 
of the anterior segment, interpupillary distance, and intercanthal distance.
Main Outcome Measures: The frequency of ophthalm ic signs and visual impairment, defined as a visual 
acuity of 6/12 or less.
Results: Visual impairment in at least 1 eye occurred in 35%  of patients and was bilateral in 9% . The most 
common cause o f visual impairment was amblyopia, which was present in 21 % of patients, followed by optic  
atrophy in 7%. Am etropia occurred in 77%  of patients; 57%  had hypermetropia of > + 2  diopters (D) and 20%  
had myopia of > - 0 . 5  D. Strabismus occurred in 39%  of patients. Although exposure keratopathy was observed 
in 15% of patients, th is com plication was well managed and caused no reduction in visual acuity.
Conclusions: Early detection to reduce amblyopia by correction of refractive errors, tim ely treatment of 
strabismus, and patching should be a priority fo r ophthalmologists and a goal of the craniofacial teams managing 
patients with Crouzon syndrome. Optic atrophy remains an important cause of visual impairment in these 
patients before decompressive craniectomy. Ophthalmology 2005;112:1129-1134 © 2005 by the American 
Academy of Ophthalmology.
Crouzon syndrome (CS) is an autosomal dominant disorder 
characterized by acrocephaly, exophthalmos, hypertelorism, 
strabismus, parrot-beaked nose, and hypoplastic maxilla 
(Fig l) .1 Crouzon syndrome is the most common syndrome of 
more than 100 within the craniosynostosis group, yet is rela­
tively rare, with approximately 16.5 cases per million live 
births.2 It is usually caused by 1 o f several mutations within the 
fibroblast growth factor receptor 2 (FGFR2) gene, which has 
been isolated to chromosome 10.3 This may result in premature 
fusion of the sutures o f  the cranium and base o f skull.
The ocular complications o f  CS are numerous and in­
clude papilledema and optic atrophy from raised intracranial
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pressure, corneal exposure and subluxation o f  the globes 
anterior to the eyelids secondary to exophthalmos, and 
strabismus. In addition, there have been sporadic reports o f 
aniridia, anisocoria, blue sclera, cataract, corectopia, ectopia 
lentis, glaucoma, iris colobom a, m egalocom ea, microcor­
nea, nystagmus, and optic nerve hypoplasia.4
Previous reports in the literature on ophthalmic manifes­
tations have been case series or sm all descriptive studies.5,6 
Larger studies have usually documented combined data 
from several o f the craniosynostoses such as Pfeifer’s, Ap- 
ert’s, and Saethre-Chotzen syndrom es.7-9 Because o f the 
rarity o f  this condition, there are minimal data in the liter­
ature on the prevalence o f  ophthalmic sequelae in patients 
with C S.10,11 The Australian Craniofacial Unit in Adelaide, 
South Australia, has reviewed a large number o f patients 
with CS referred for treatment from all over the world. In 
this series o f  71 patients, 39 patients were referred from  
within Australia, 8 from M alaysia, 7 from N ew  Zealand, 5 
from Indonesia, 4  from Oman, 2 from Kuwait, and 1 each  
from 6 other countries. The purpose o f  this study was to 
document the prevalence o f ophthalmic sequelae in this 
large series o f  CS before the influence o f  surgery on the 
visual apparatus.
Materials and Methods
A retrospective descriptive analysis of a series of consecutive 
patients with a diagnosis of CS was conducted. Patients with a 
clinical diagnosis of CS were identified from the Australian
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Figure 1. Anterior and oblique views o f a 6-year-old boy w ith Crouzon syndrome. N ote the  acrocephaly, exophthalmos, strabismus, hypertelorism, 
parrot-beaked nose, and maxillary hypoplasia characteristic of this syndrome.
Craniofacial Unit database between the years1984 and 2000. These 
patients were managed at the W omen’s and Children’s, Royal 
Adelaide, and Calvary Hospitals in South Australia. Institutional 
human ethics committee approval was obtained for this study.
The diagnosis o f CS was established after review by both the 
clinical geneticists and the craniofacial surgeons, based on the 
clinical and radiologic examination and family history. This diag­
nosis was based on the presence of craniosynostosis, midfacial 
hypoplasia, shallow orbits, and the absence of limb abnormalities. 
Data were obtained from ophthalmology reviews documented on a 
standardized ProForma, before any surgery, or the most recent 
assessment in those patients who had not had surgery. Exclusion 
criteria were (1) previous craniofacial, cranial, or strabismus sur­
gery and (2) lack of a preoperative ophthalmology assessment.
Variables documented from the medical records included pa­
tient age, gender, visual acuity, refractive error, diagnosis o f am­
blyopia, squint, eye movement dysfunction, nystagmus, fundus 
examination, examination of the anterior segment, interpupillary 
distance, and intercanthal distance.
Visual acuity (VA) was measured by methods appropriate to 
age. When determining the prevalence and etiology of impaired 
vision, only patients with VA corrected for refractive errors were 
included. Patients with VA documented as “follows fingers” were 
excluded from this component o f the study. Patients were consid­
ered to have impaired vision if they had a VA of 6/12 or less or 
more than 2 Snellen lines poorer than age-adjusted normative 
values in at least 1 eye.12 In the absence of a diagnosis in the case 
notes, amblyopia was defined as a 2-line optotype difference 
between the 2 eyes or from age-matched normative values in the 
absence of organic eye disease.13
Refraction was determined by cycloplegic retinoscopy and was 
expressed in minus cylinder form and converted to spherical 
equivalent for analyses. Hypermetropia was defined as a spherical 
equivalent of + 2  diopters (D) or greater, myopia as —0.5 D or 
worse, and astigmatism as 0.75 D or greater difference in refrac­
tive error between the 2 principal m eridians.12 The axis of astig­
matism was considered oblique if it was greater than 5° from the 
vertical and horizontal meridians.7 Anisometropia was defined as 
a difference in refraction between the eyes o f 0.75 D spherical 
equivalent or greater.12
Statistical analysis was performed with Sigma Stat v3.0.14 
Prevalence data from our study was compared with different 
studies using chi-square. A probability level o f P<0.05 was con­
sidered statistically significant. Multiple logistic regression cor­
recting for age was used to determine whether any patient factors 
were associated with the presence of astigmatism.
Results
Eighty-four patients were identified from the Australian Cranio­
facial Unit database. Five patients were excluded because cra­
nial, craniofacial, or squint surgery had been performed in 
another institution before presentation, and 8 had incomplete 
data. Seventy-one patients were, therefore, included in this 
study. The average age at ophthalmic review was 11.9 years, 
with a range between 4 months and 43.7 years. There were 36 
males and 35 females (Fig 2).
Fifty-six patients had fully corrected VA. The 15 patients who 
did not have corrected VAs had a mean age of 2.2 years compared 
with a mean age of 15.9 years for those that did. Visual impairment 
(VAS6/12) occurred in 23 eyes of 18 patients (32% of patients 
with documented VA). The causes of reduced visual acuity are 
documented in Table I. Amblyopia resulted in visual impairment 
in 16 eyes of 12 patients, a prevalence of 21%. Seven of these 
patients had strabismic, 3 had ametropic, and 2 had anisometropic 
amblyopia. Four patients had no apparent amblyogenic risk factors 
at the time of examination. The mean age o f patients with ambly­
opia was 18.8 years (range, 4 .8 -43 .7  years).
Cycloplegic refractions were documented in 101 eyes of 51 
patients. Table 2 presents the refractive error versus the patient 
age. Overall, 77% of patients had ametropia, 57% had hyper­
metropia of + 2  D or worse, and 20% had myopia of —0.5 D or 
worse. To assist in comparing these results with normative data, 
we divided our patients into 3 equal groups, 0 to 6 years (n =  17),
7 to 14 years (n =  17), and 15 to 44 years (n =  17). The results 
are presented in Table 2. Astigmatism of 0.75 D or greater was 
present in 51% of patients (41% of eyes) with a mean cylindrical 
power of 0.9 D; 43% had with-the-rule, 43% against the-rule, and 
14% oblique astigmatism, and 12% of patients had anisometropia 
of 1 D or greater.
Strabismus in the primary position was documented in 39% of 
patients. Sixteen patients had exotropia, 6 had esotropia, 2 had 
exotropia and hypertropia, 2 had exotropia and hypotropia, 1 
had hypertropia, and 1 had hypotropia. Five of these patients 
had nystagmus. Sixteen (23%) patients had V-pattem strabismus,
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Figure 2. Distribution of patients by age and gender.
8 of which also had overaction of the inferior oblique muscle, 1 
had underaction of the medial rectus, and 1 had underaction of the 
lateral rectus. In addition to those patients with V-pattem strabis­
mus, a further 9 patients had ocular motility disorders ranging from 
grossly restricted movements to defective elevation as summarized 
in Table 3.
Examination of the fundus revealed optic atrophy in 9 patients 
(13%), papilledema in 11 (15%), retinal vessel tortuosity in 2, 
myelinated nerve fibers in 1, and retinitis pigmentosa (RP) in 1 
patient. Papilledema was only present in patients up to 5.6 years of 
age, which corresponds approximately with the duration of max­
imal brain growth and was an indication for decompressive cranial 
surgery.15 Eight of the 9 patients with optic atrophy had corrected 
VAs documented before craniofacial surgery, and in half of these, 
the visual acuity was impaired in at least 1 eye. One patient had 
unilateral optic atrophy with a VA of 6/120, another had bilateral 
optic atrophy with VA documented as counting fingers in each eye, 
and 2 patients had bilateral optic atrophy with VA of 6/24 in 1 eye 
and 6/6 in the other. In each of these last 2 cases, the eye with 
impaired vision had a significant tropia. The patient with RP was 
a 21-year-old woman from India who also had optic atrophy and 
visual acuity reduced to 6/12 in the right eye and 6/9 in the left eye. 
She had a sporadic mutation of FGFR2, exon 9 with an amino acid 
substitution of serine 354 by cysteine (ser354cys), and no family 
history of RP. There has been only 1 previous publication that we 
are aware of in which craniosynostosis has been associated with 
RP.16 A case series of 3 siblings in which at least 2 had RP and all 
had growth deficiency, craniosynostosis, and limb changes. How­
ever, our case probably represents a chance finding of CS together 
with RP, because the same genetic mutation has been documented 
several times in the past without evidence of RP.17
Exposure keratopathy was evident in 11 patients (15%). How­
ever, no patients had visual impairment primarily as a result of this
Table 1. Etiology and Prevalence of Visual Impairment in 






21% (n  =  12) 
7% (n  =  4)
2% (n  =  1) 
2% (n  =  1)
condition, because it was managed at an early stage in all cases. 
Ptosis was present in 6 patients (8%).
Discussion
Crouzon syndrome is the m ost comm on syndromic cranio­
synostosis. It is autosomal dominant, and with improving 
prognosis, patients with this condition are likely to be seen 
more frequently in ophthalmic practice. To the best o f our 
knowledge, this is the largest study to document the prev­
alence o f ophthalmic sequelae in this rare condition.
Visual impairment occurred frequently in this group o f  
patients, with 32% having V A  o f  6/12 or worse in at least 1 
eye and 9% bilaterally. This compares with 65% and 40%, 
respectively, in the study by Khan et al,7 w hich combined  
data for several craniosynostoses, and 50% and 17% in 
Hertle et al’s6 data on CS. The lower rates o f  impaired VA  
in our study probably reflect the higher mean age at pre­
sentation o f our population (12 years compared with 2 years 
in Khan et al’s study) and the assessm ent o f  afflicted rela­
tives o f  referred patients. Consequently, there would be a 
higher proportion o f  patients with mild phenotypes in our 
sample than in these previous studies. However, because the 
Australian Craniofacial Unit is a tertiary referral center for 
overseas, some cases would have deteriorated with more se­
vere symptoms and findings because o f delay in presentation.
Structural abnormalities such as optic atrophy, exposure 
keratitis, cataracts, and microphthalmia have commonly  
been cited as causes o f  visual loss or impairment in CS.4,9,16 
Our study, however, confirms the findings o f  Hertle et al6 
that amblyopia was the m ost com m on cause o f reduced 
visual acuity. W e found a prevalence rate for amblyopia of  
21%, w hich is significantly higher (P < 0 .0 0 1 ) than the 2.9%  
in population data for children between 4 and 10 years.19 
The most common structural cause o f reduced visual acuity 
was optic atrophy. Fifty percent (n =  4) o f  patients with 
optic atrophy and a corrected V A  documented (n =  8) had 
reduced V A . Visual fields in patients with craniosynostosis 
and optic atrophy are usually degraded in a concentric
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Table 2. Refractive Error Grouped by Age
Age Group
M ean Spherical 
Equivalent
95%  Confidence 
Interval
Myopia 
& —0.5 D iopters
H yperm etropia 
& + 2  D iopters
Astigmatism 
£: 0 .75  Diopters
0-6 ys + 2 .2  D 1.3-3 18% 59% 59%
7-14 ys +  1.6 D 1-2.2 24% 59% 41%
15-44 ys +  1.6 D 0.8-2.4 18% 53% 53%
Overall +  1.8 D 1.3-2.3 20% 57% 51%
manner, so V A  is affected late in the process.9 It is, there­
fore, possible that the rate o f am blyopia quoted in our study 
is understated, because som e patients with optic atrophy 
may have had normal V A  if  not for their strabismus and/or 
refractive error.
Strabismus was the m ost com m on condition leading to 
amblyopia and occurred in 39% o f  all patients. This is 
significantly greater (P < 0 .0 0 1 ) than that seen in normal 
populations; in particular, a recent longitudinal study on 
3126 children between 4 and 10 years found 2.7% had 
manifest strabism us.19 The high rate o f  exotropia in CS 
results from the obtuse angle o f  the orbits and the fact that 
many patients have altered extraocular m uscle form  or 
number.20 The mean age o f  patients w ith strabismus in our 
series was 14 years, so  any future strabismus surgery would  
be predominantly cosm etic in nature. Strabismus surgery is 
often delayed in patients with craniosynostosis syndromes, 
because future surgery to the orbital area may alter the 
degree and type o f  ocular deviation.21 H ow ever, Diamond  
et al20 have demonstrated that in only 10 o f  140 major 
craniofacial reconstructive operations was there a shift in 
primary position alignment. Greaves et al5 found that in 19 
cases o f oxycephaly and CS, no patients had a change in 
alignment after the T essier procedure. Interestingly, 
Morax22 found that in 11 cases o f  craniofacial stenoses
(9 CS, 2  Apert’s syndrom e) exam ined before and after 
sagittal expansion o f  the orbits, exotropia (n =  10) was 
always reduced with orthophoria in the primary position. 
Vertical deviation w as som etim es dim inished but never 
disappeared entirely. On the other hand, surgery for hyper­
telorism often resulted in esotropia.
It has been proposed that strabismus surgery in cranio­
synostosis should be performed in the first 2  years, and 
arguably 6 months, to enable the developm ent o f  binocular 
vision .20 If craniofacial surgery involving the orbits is to be 
performed during this early stage, strabismus surgery 
should be delayed for at least 6 months afterward and 
preferably greater than 1 year.18'20'22 G iven the high rates o f  
am blyopia and strabismus seen in our study, such a regimen 
w ould be worth considering, particularly in those patients 
with minimal hypertelorism and young age. Earlier strabis­
mus surgery in these cases may im prove binocular vision  
and reduce amblyopia. H ow ever, this must be carefully con­
sidered against the likelihood o f later midface surgery affecting 
the orbits once skeletal maturity has been reached and the 
difficulties obtaining perfect alignment in these complicated 
cases. Clinical trials comparing early with late strabismus 
surgery are needed to guide treatment protocols in the man­
agement o f strabismus in patients with craniosynostosis.
Given the large variation in age and ethnic background in








A cuity Refraction Tropia O cular M otility Fundus Findings
10 12.2 RE 6/6 +  1.75/+0.75X100° Interm ittent XT S R -  LE
LE 6/9 + 0 .7 5 /+ 1.5X85°
15 0.3 + 2 .0  sph XT Grossly restricted O U Bilateral papilloedema
+  1.5 sph
17 26 RE 6/6 + 6 .5 /-0 .5 X l8 0 ° XT M R - , L R -  RE
LE 6/5 + 4 .5  sph
23 28.1 RE 6/6 L R - ,  M R +  O U Convoluted retinal veins
LE 6/6
28 4.8 RE 6/12 -2 .0 /+ 2 .0 X 1 6 0 0 XT L R - ,  S R -  RE
LE 6/9 -2 .0 /+ 2 .0 X 3 0 0
39 11.2 O U  CF + 4 .0  sph A lternating XT S R -  OU Severe optic atrophy
+ 4 .0  sph
43 17.6 RE 6/6 + 6 .5 0 /-3 .0 X 2 0 ° M R - , L R - ,  S R -
OU
LE 6/6 + 6 .5 0 /—3.0X160°
46 10.2 RE 6/9 + 2 .5  sph OU Variable XT M R + O U Right disc blurred nasally
LE 6/9
51 15.5 RE 6/24 +5.5  sph H T  RE S R -  RE Bilateral optic atrophy
LE 6/6 + 5 .0  sph
+ = overaction; -  -  underaction; CF =  counting fingers; H T  =  hypotropia; LE — left eye; LR =  lateral rectus; M R = medial rectus; O U  =  both eyes;
rlgot eye; sph =  sphere; SR =  superior rectus; XT =  exotropia.
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our series o f patients, w e are cautious in comparing the 
refractive data with normal populations. It is w ell docu­
mented that from early childhood into adulthood there is a 
progression in refractive state from hypermetropia to m yo­
pia.23 In addition, several recent and large epidem iologic  
studies on the refraction o f  school-aged children in India, 
Nepal, China, Chile, South Africa, and the United States 
demonstrates great variation in mean refraction between  
different ethnic backgrounds.24“29 D espite this, our data 
demonstrate a substantially greater prevalence o f  refractive 
errors compared with these normal population studies. 
Ametropia was present in 77% o f our patients overall. M ost 
significant is the high rate o f  hypermetropia and astigma­
tism. The rate o f  hypermetropia in our 7- to 14-year age 
group was 59%. In comparison, the highest rate o f  hyper­
metropia documented in these recent epidem iologic studies 
was significantly less at 19.3% (P < 0 .0 0 1 ) in a white, Amer­
ican population aged 5 to 17 years with hypermetropia o f >  
+ 1.25 D .29
High rates o f hypermetropia have been demonstrated in 
patients with craniosynostosis, although none as high as our 
results in large series o f  CS. Bertelson9 documented a rate 
of 21% for hypermetropia greater than + 1 .5  D in 116 
patients with oxycephaly, including 12 patients with CS. 
Hertle et al6 have documented individual refractions in 25  
patients with CS, and from this data it is apparent that 24% 
had hypermetropia s 2  D . Refraction data from a recent 
study on 141 patients with different craniosynostoses in­
cluding CS demonstrated that 42.5%  o f eyes had hyper­
metropia.7 The likely cause o f  the predominance o f hyper­
metropia is that the shallow  orbits seen in this condition  
result in a reduced axial length. This has not been proven, 
nor does it explain the relatively high rates o f  myopia.
The large percentage o f  patients with astigmatism o f 0.75 
D or greater (51%) compares with values o f  2.8% to 19% in 
unaffected populations.24-28,30 Previous studies have docu­
mented rates o f astigmatism between 72% and 43% in 
patients with CS. The etiology for the high rate o f  astigma­
tism is not known but has been attributed to ptosis, com eal 
exposure, or unequal pressure from the bony orbit. We 
could find no significant association between the presence 
of astigmatism and exposure keratopathy, interpupillary dis­
tance, intercanthal distance, strabismus, apparent exophthal­
mos, or optic disc pathology when correcting for age using 
multiple logistic regression. However, oblique astigmatism  
was associated with the presence o f  com eal exposure (odds 
ratio, 6.3; 95% confidence interval, 1 .2 -34 .6 .). FGFR2 gene 
expression has been demonstrated in the embryonic rat lens 
and cornea o f the developing chick.31 Therefore, mutations 
of this gene could conceivably effect growth o f  the globe 
and refractive state.32
There are som e important limitations o f  this study. First, 
patients were diagnosed on the basis o f phenotypic findings 
and did not have genotypic confirmation at the time of 
review. Studies have demonstrated that between 9% and 
35% of clinically diagnosed patients with CS do not have 
genetic confirmation.33-35 H owever, the molecular genetics 
of the syndromic craniosynostoses are not fully understood, 
n̂t̂ these conditions display substantial genetic heterogene­
ity- Patients with Crouzon and Pfeiffer phenotypes have
been found to have exactly the sam e genetic mutation. In 
other cases, patients with obvious CS phenotype have had 
no genetic mutation identified at all. W e believe that phe­
notypic studies such as this continue to provide useful 
prevalence data, especially for ophthalmologists who often 
review patients with craniosynostosis before genetic confir­
mation is available. Second, many patients were assessed in 
infancy, before craniofacial surgery, and could have had 
further ophthalmic sequelae develop if  not for these inter­
ventions. The risk o f ophthalmic sequelae from CS if  not 
operated on is, therefore, greater than w e have documented, 
and this risk would vary depending on the severity o f the 
phenotype. Finally, the retrospective nature o f this study 
and the fact that the sample was obtained from a tertiary 
hospital results in an ascertainment bias favoring more 
severe cases. The accuracy o f  these results could be im­
proved by a prospective study that fo llow s all severities o f 
phenotype at specific time intervals. These data do, how­
ever, enable us to identify the most comm on ophthalmic 
sequelae and direct our attentions appropriately so as to 
improve visual outcom es in these patients.
In conclusion, data from this study have documented the 
prevalence o f ophthalmic sequelae in CS before surgical 
intervention. Visual impairment occurred in 32% o f pa­
tients, and amblyopia was the leading cause o f visual loss. 
To reduce the high rate o f  visual impairment, particular 
attention needs to be paid to correcting refractive errors, 
timely management o f strabismus, and treating amblyopia. 
Optic atrophy was present in 13% o f patients and continues 
to be a cause o f severely reduced visual acuity before 
decom pressive craniectomy. Further studies should be un­
dertaken to determine whether regular monitoring o f visu­
ally evoked potentials and perimetry can identify those at 
risk of optic atrophy before funduscopically visible 
changes. Studies on the expression o f  FGFR2 and related 
proteins in human ocular tissue and the effect o f  gene 
mutations on growth o f the eye in animal models are needed 
and may enhance our understanding o f  the pathogenesis o f  
refractive errors.
References
1. Crouzon O. Dysostose cranio-faciale hereditaire. Bull Soc 
Med Hosp Paris 1912;33:545-55.
2. Cohen MM Jr, Kreiborg S. Birth prevalence studies of the 
Crouzon syndrome— comparison of direct and indirect meth­
ods. Clin Genet 1992;41:12-5.
3. Kan SH, Elanko N, Johnson D, et al. Genomic screening of 
fibroblast growth-factor receptor 2 reveals a wide spectrum of 
mutations in patients with syndromic craniosynostosis. Am J 
Hum Genet 2002;70:472-86.
4. Fries PD, Katowitz JA. Congenital craniofacial anomalies of 
ophthalmic importance. Surv Ophthalmol 1990;35:87-119.
5. Greaves B, Walker J, Wybar K. Disorders of ocular motility in 
craniofacial dysostosis. J R Soc Med 1979;72:21-4.
6. Hertle RW, Quinn GE, Minguini N, Katowitz JA. Visual loss 
in patients with craniofacial synostosis. J Pediatr Ophthalmol 
Strabismus 1991;28:344-9.
7. Khan SH, Nischal KK, Dean F, et al. Visual outcomes and 
amblyogenic risk factors in craniosynostotic syndromes: a 
review of 141 cases. Br J Ophthalmol 2003;87:999-1003.
1133
Ophthalmology Volume 112, Number 6, June 2005
8. Bentley RP, Sgouros S, Natarajan K, et al. Changes in orbital 
volume during childhood in cases of craniosynostosis. J Neu- 
rosurg 2002;96:747-54.
9. Bertelsen T. The premature synostosis of the cranial sutures. 
Acta Ophthalmol (Copenh) 1958;(suppl 51): 1-176.
10. Kreiborg S. Crouzon syndrome. A clinical and roentgencepha- 
lometric study. Scand J Plast Reconstr Surg Suppl 1981 ;18: 
1-198.
11. Whitaker LA, Katowitz JA, Jacobs WE. Ocular adnexal prob­
lems in craniofacial deformities. J Maxillofac Surg 1979;7: 
55-60.
12. Negrel AD, Maul E, Pokharel GP, et al. Refractive Error 
Study in Children: sampling and measurement methods for a 
multi-country survey. Am J Ophthalmol 2000;129:421-6.
13. Young TL, Weis JR, Summers CG, Egbert JE. The association 
of strabismus, amblyopia, and refractive errors in spasmus 
nutans. Ophthalmology 1997;104:112-7.
14. Sigma Stat [computer program]. Version 3.0. Leesburg, VA: 
Aspire Software International; 2003.
15. Shillito J Jr, Matson DD. Craniosynostosis: a review of 519 
surgical patients. Pediatrics 1968;41:829-53!
16. Armendares S, Antilion F, del Castillo V, Jimenez M. A newly 
recognized inherited syndrome of dwarfism, craniosynostosis, 
retinitis pigmentosa, and multiple congenital malformations 
[letter], J Pediatr 1974;85:872-3.
17. Reardon W, Winter RM, Rutland P, et al. Mutations in the 
fibroblast growth factor receptor 2 gene cause Crouzon syn­
drome. Nat Genet 1994;8:98-103.
18. Miller MT. Ocular abnormalities in craniofacial malforma­
tions. Int Ophthalmol Clin 1984;24:143-63.
19. Kvamstrom G, Jakobsson P, Lennerstrand G. Visual screening 
of Swedish children: an ophthalmological evaluation. Acta 
Ophthalmol Scand 2001;79:240-4.
20. Diamond GR, Whitaker L. Ocular motility in craniofacial 
reconstruction. Plast Reconstr Surg 1984;73:31-7.
21. Cohen MM Jr, MacLean RE, eds. Craniosynostosis: Diagno­
sis, Evaluation, and Management. 2nd ed. New York: Oxford 
University Press; 2000.
22. Morax S. Change in eye position after cranio-facial surgery. J 
Maxillofac Surg 1984;12:47-55.
23. Slataper F. Age norms of refraction and vision. Arch Oph­
thalmol 1950;43:466-81.
24. Zhao J, Pan X, Sui R, et al. Refractive Error Study in Children: 
results from Shunyi District, China. Am J Ophthalmol 2000; 
129:427-35.
25. Naidoo KS, Raghunandan A, Mashige KP, et al. Refractive 
error and visual impairment in African children in South 
Africa. Invest Ophthalmol Vis Sci 2003;44:3764-70.
26. Dandona R, Dandona L, Srinivas M, et al. Refractive error in 
children in a rural population in India. Invest Ophthalmol Vis 
Sci 2002;43:615-22.
27. Maul E, Barroso S, Munoz SR, et al. Refractive Error Study in 
Children: results from La Florida, Chile. Am J Ophthalmol 
2000;129:445-54.
28. Pokharel GP, Negrel AD, Munoz SR, Ellwein LB. Refractive 
Error Study in Children: results from Mechi Zone, Nepal. 
Am J Ophthalmol 2000;129:436-44.
29. Kleinstein RN, Jones LA, Hullett S, et al, Collaborative Lon­
gitudinal Evaluation of Ethnicity and Refractive Error Study 
Group. Refractive error and ethnicity in children. Arch Oph­
thalmol 2003;121:1141-7.
30. Abrahamsson M, Fabian G, Sjostrand J. A longitudinal study 
of a population based sample of astigmatic children. II. The 
changeability of anisometropia. Acta Ophthalmol (Copenh) 
1990;68:435-40.
31. de Iongh RU, Lovicu FJ, Chamberlain CG, McAvoy JW. 
Differential expression of fibroblast growth factor receptors 
during rat lens morphogenesis and growth. Invest Ophthalmol 
Vis Sci 1997;38:1688-99.
32. Ohuchi H, Koyama E, Myokai F, et al. Expression patterns of 
two fibroblast growth factor receptor genes during early chick 
eye development. Exp Eye Res 1994;58:649-58.
33. Mulliken JB, Steinberger D, Kunze S, Muller U. Molecular 
diagnosis of bilateral coronal synostosis. Plast Reconstr Surg 
1999;104:1603-15.
34. Kress W, Collmann H, Busse M, et al. Clustering of FGFR2 
gene mutations in patients with Pfeiffer and Crouzon syn­
dromes (FGFR2-associated craniosynostoses). Cytogenet Cell 
Genet 2000;91:134-7.
35. Anderson PJ, Hayward R, Harkness W, Jones B. Studies of 
Crouzon syndrome [letter]. Plast Reconstr Surg 1996;97:680.
1134
Ophthalmic Findings in A pert’s Syndrome 
after Craniofacial Surgery
Twenty-nine Years’ Experience
Jwu Jin Khong, M B B S  (H o n s ) ,1 Peter Anderson, M D ,2 Timothy L. Gray, M  B B S ,3 
Michael Hammerton, F R A N Z C O ,2,4 Dinesh Selva, F R A N Z C O ,1 David David, M D 2,5
Purpose: To survey the spectrum  o f ophthalm ic m orbid ity in A pert’s syndrom e after craniofacial surgery.
Design: A retrospective study of patients w ith A pert’s syndrom e managed at the Australian Craniofacial Unit 
from 1975 to 2004.
Participants: S ixty-one patients (31 females and 30 males) had final ophthalm ic reviews at a mean age of 
9.3 years (standard deviation, 9.2; range, 0 .2 -48 .3 ; median, 8.2 years).
Methods: Patients were identified from  the unit database, and case notes were reviewed. Cases tha t had < 2  
recorded variables were excluded. Dem ographic details, age at last ophthalm ic review, and tota l craniofacial 
operations performed were docum ented.
Main Outcome Measures: Best-corrected visual acuity, cyclop leg ic refractions, strabismus, amblyopia, 
corneal abnormality, fundoscop ic  findings, and visually evoked potentials.
Results: The average num ber o f craniofacial operations performed was 2 (range, 1 -4 ; median, 2). Visual 
impairment was found in 54%  o f patients in at least one eye and in 19% o f patients in the ir better eye. The most 
common cause was am blyopia, w ith a prevalence of 35% . Optic atrophy caused visual impairm ent in 5%  of 
patients and corneal scarring in 8% . S ixty-three percent of patients had strabism us w ith more esotropia than 
exotropia. Am etropia was found in 69%  o f patients (42% were hyperm etropic and 27%  were myopic). An iso­
metropia of >0 .75  d iopters was present in 16 cases (50%).
Conclusions: Visual im pairm ent is a com m on finding in A pert’s syndrom e and amblyopia is the major cause. 
Ametropia, astigm atism , anisom etropia, and strabism us frequently occur in patients w ith A pert’s syndrom e at 
final ophthalmic review. A lthough optic  atrophy was the major cause of visual loss in the era prior to  craniofacial 
surgery, the prevalence o f op tic  a trophy is low since the adoption o f current surgical protocols. Corneal damage  
also contributed tow ard visual impairment. Early detection and adequate managem ent of amblyopia, tim ely  
decompressive surgery before the presence o f optic  atrophy, and protection o f the cornea should be the  
management goals o f ophtha lm o log ists  in craniofacial units managing these patients. Ophthalmology 2006;113: 
347-352 ©  2006 by the American Academy of Ophthalmology.
Apert’s syndrome is a severe autosomal dominant disorder 
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syndacty ly  o f the hands and fee t.1,2 I t is one o f  the m ost 
com m on cran iofacial synostosis syndrom es, yet it is a rare 
condition  w ith an estim ated  p revalence o f  12.5 to 15.5 cases 
per m illion live b irth s.3’4
M ost reports on past ocu la r findings are either sm all 
series or case reports, o r large com bined  stud ies o f  various 
cran iosynostoses synd rom es.5-10 T here  are little data  on the 
p revalence o f  ophthalm ic m an ifestations in A p e rt’s syn­
drom e. T he A ustra lian  C ran iofacial U n it has rev iew ed  a 
large series o f  patien ts w ith A p ert’s syndrom e from  w ithin 
A ustralia , South E ast A sia, and C entral A sia  during  the last 
29 years. T he aim  o f this study is to de term ine  the spectrum  
o f  ophthalm ic sequelae in A p e rt’s syndrom e after c ran io fa­
cial surgery.
Patients and Methods
Eighty-seven patients with Apert’s syndrome who were treated 
between 1975 and 2004 were identified from the Australian
ISSN 0!61-6420/06/$-see front matter 347 
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Ophthalm ology Volume 113, Number 2, February 2006
Craniofacial Unit database. The records o f all Apert’s syndrome 
patients were obtained from the W omen’s and Children’s Hospital, 
Royal Adelaide Hospital, Harley Eye Clinic, and the Australian 
Craniofacial Unit case notes. Patients who had s 2  recorded oph­
thalmic examination variables and those who did not have any 
craniofacial surgery were excluded. Institutional human ethics 
committee approval was obtained for this study (approval no.: 
R E C 1527/11/2006).
Of the 87 patients identified from the database, 77 case notes 
were available for review. Seven patients with insufficient data and 
9 patients who did not have any craniofacial surgery were ex­
cluded. In total, 61 patients had a confirmed diagnosis of Apert’s 
syndrome based on clinical findings that were reviewed.
Patient profile data consisted of demographic details, such as 
age at last ophthalmic review, gender, country of origin, and 
number of craniofacial operations performed prior to the final 
ophthalmic review. The following ophthalmic parameters were 
investigated: best-corrected visual acuity (VA), cyclopiegic refrac­
tions, diagnosis of amblyopia, strabismus, ocular movement ab­
normality, anterior segment findings, fundoscopic findings, visu­
ally evoked potentials, and other notable findings.
Best-corrected visual acuity was measured by methods appro­
priate to age and verbal capacity. Kay pictures, the Sheridan 
Gardiner test, and the Snellen chart were used and recorded as 
Snellen or Snellen equivalents. In preverbal children, the fixation 
pattern was determined as central, steady, or maintained. Visual 
impairment is defined as having a VA of worse than 6 /1 2 .'1 When 
determining causes of visual impairment, patients with fix-and- 
follow vision were excluded from this part of the study.
Refraction was obtained by cyclopiegic retinoscopy; it was 
expressed in minus cylinder form and was converted to spherical 
equivalent for analyses. Hypermetropia was defined as > + 2  di­
opters (D), myopia as —0.5 D or worse, and emmetropia as 
between —0.5 D and + 2  D. Astigmatism was defined as £0 .75  D 
between 2 meridians with axis 0± 5 °  as with-the-rule, and axis 
90±5° as against-the-rule, and all other axes in between as 
oblique. We defined anisometropia as a difference in refraction 
between the eyes of £0 .75  D spherical equivalent. In the absence 
of a diagnosis in the case notes, amblyopia was defined as a 2-line 
optotype difference between the two eyes with no attributable or 
refractive cause.12
Results
There were 61 patients (31 females and 30 males) with Apert’s 
syndrome who underwent at least one craniofacial surgery at a 
mean age of 9.3 years (standard deviation, 9.2; range, 0.2-48.3; 
median, 8.2 years) at last ophthalmic review. In this series, 23 
patients were referred from within Australia, 18 from Malaysia, 9 
from Indonesia, 3 from Singapore, 3 from Hong Kong, 2 from 
Thailand, 2 from Oman, and 1 from New Zealand. The average 
number of craniofacial surgical interventions performed was 2 
(range, 1-4; median, 2). Not all sets o f data were present for all 
parts of the study. Visual acuity was documented in 52 patients. 
Thirty-two patients had cycloplegic refraction data, 49 patients had 
data on strabismus, 48 patients had data on anterior segment 
examination, 51 patients had data on fundus finding, and 33 
patients had data on visually evoked potentials.
Corrected VA was documented in 37 patients (74 eyes). There 
were also 15 patients with fix-and-follow vision and 9 without VA 
data. Visual impairment (V A<6/12) was found in 36% of eyes (24 
of 74). Furthermore, 19% of patients (7 of 37) had VA worse than 
6/12 in their better eye, whereas 54% of patients (20 of 37) had VA 
worse than 6/12 in at least one eye. The causes of visual impair­
ment are summarized in Table 1. Amblyopia caused visual im-
Table 1. Causes for Visual Impairment in A pert’s 
Syndrome (N =  37)
Causes of Visual Im pairm ent
(Visual Acuity < 6 /1 2 ) Prevalence
Amblyopia 35% (n =  13)
O ptic atrophy 5% (n =  2)
Corneal scar 8% (n =  3)
Causes undetermined due to insufficient data n =  2
pairment in 15 eyes of 13 patients. There were 7 patients with 
strabismic amblyopia, 4 patients with mixed amblyopia, and 2 
patients with ametropic amblyopia. Optic atrophy resulted in vi­
sual impairment in 3 eyes of 2 patients, and corneal scarring 
resulted in visual impairment in 4 eyes of 3 patients. However, 1 
patient had significant corneal scarring caused by traumatic injury 
unrelated to the syndrome.
Ametropia was found in 69% of patients. Overall, 42% of eyes 
(27 of 64) were hypermetropic, 27% of eyes (17 of 64) were 
myopic, and 31% of eyes (20 of 64) were emmetropic. Astigma­
tism of £0 .75  D was present in 35 eyes (55%), where 15 eyes 
(43%) had with the rule, 8 eyes (23%) had against the rule, and 12 
eyes (34%) had oblique axis. Anisometropia of £0 .75  D was 
present in 16 of 32 cases (50%).
Sixty-three percent of patients (36 of 49) examined had stra­
bismus in the primary position. There were 16 patients who had 
esotropia, 11 who had exotropia, 2 who had vertical strabismus, 
and 2 who had unspecified manifesL strabismus at primary gaze. 
Eleven patients (28%) had V-pattern ocular motility, and another 
11 patients also had overaction of inferior oblique muscles. Five 
patients were noted to have latent nystagmus.
Fundus examination revealed optic disc pallor in 16% of pa­
tients (8 of 51; 6 bilateral and 2 unilateral), and papilledema in 1 
patient. The visual acuities of the 2 patients with unilateral optic 
atrophy were poor at 6/60 and 6/36. In bilateral optic disc pallor, 
VA ranged from 6/6 to 6/60. Abnormal visually evoked potential 
was recorded in 14 eyes of 9 patients. Five of these patients had 
bilateral abnormalities. Of the 14 eyes with abnormal visually 
evoked potential, 2 eyes had pale optic discs, 9 had normal fundi, 
and 3 did not have any documented findings of the fundus.
Corneal abnormalities were detected in 24% of eyes (23 of 96), 
and they included 5 corneal scars, 4 corneal keratopathies, and 2 
corneal ulcers. Corneal scars were attributed to exposure in 2 
patients, with craniofacial surgery in 1 patient who also had a 
corneal ulcer in the contralateral eye and an unrelated accidental 
corneal trauma. One corneal ulcer developed after fronto-orbital 
advancement with release of tarsorrhaphy, and another ulcer de­
veloped in a patient with decreased corneal sensation and 
trichiasis.
Other ophthalmic findings included 8 patients who had trichi­
asis, 3 who had entropion, 3 who had ectropion, 4 who had 
epiblepharon, 4 who had nasolacrimal obstructions, 13 who had 
nonobstructive epiphora, 1 who had cataract, and 1 who had iris 
coloboma.
Twelve patients older than 14 years of age had completed all 
craniofacial surgery. Their final ophthalmic findings are summa­
rized in Table 2.
Discussion
A m ong the num erous cran iosynostosis  syndrom es d e ­
scribed, A p ert’s syndrom e is one o f  the m ost w ell know n. In
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1 15.2 RE 6/12 4 .2 5 /-1  x l  10 RE nil RE no Normal
LE 6/24 3 / - l x  70 LE esotropia LE yes
2 48.3 RE 6/9 1.25/—0.75x55 Bilateral disc
pallor
LE 6/6 0 .2 5 /-0 .7 5 X  155
3 14.6 RE 6/9 3.5 spherical RE nil RE no IO + Normal
LE HM 2.5 spherical LE esotropia LE yes i o +
4 21.6 O U  6/60 -3 / -2 .5 X 9 0 O U  nil RE no Bilateral disc
pallor
—0.75/—2 .7 5 x 0 LE no
5 16.4 RE 6/6 O U  nil RE no IO + , upgaze Normal
restriction
LE 6/12 LE yes IO + , upgaze
restriction
6 17.9 RE 6/6 RE no Normal
LE 6/12 LE yes
7 17.9 O U  6/6 RE nil Normal
LE hypertropia
8 17.4 RE 6/9 RE nil RE no Normal
LE 6/18 LE esotropia LE yes
9 17.2 O U  6/12 1/—4 x 135 RE esotropia Bilateral disc
pallor
— 1.75/—4X45 LE nil
10 14.5 RE 6/18 4 /-1 .2 5 X 1 1 9 RE esotropia RE yes V exotropia Normal
LE 6/9 2 .5 /-0 .7 5 X  148 LE nil LE no V exotropia
11 16.8 O U  6/9 RE no IO + Normal
LE no IO +
12 44.3 RE 6/18 RE exotropia RE yes IO + Normal
LE 6/24 LE exotropia LE yes i o +
HM = hand movements; 1 0 +  =  inferior oblique overaction; LE = left eye; O U  =  both eyes; RE =  right eye; V =  V pattern.
addition to cran iosynostosis and  m id face  hypoplasia , syn ­
dactyly o f the hands and  feet is requ ired  to estab lish  the 
diagnosis o f A p ert’s syndrom e. Fusion  o f  the second , third, 
and fourth digits is the m ost com m on type o f  syndacty ly  in 
Apert’s syndrom e. Fusion o f  the second  to fifth d ig it w ith a 
free thumb is the second  m ost com m on ty p e .1,2' 13
The typical features o f  A p e rt’s synd rom e include hyper- 
acrobrachycephaly, low -set ears, ocu la r hypertelorism , vari­
able degree o f  p roptosis, dow nslan ting  palpebral fissures, 
midface hypoplasia, and a p rom inen t parro t-beak  nose (Fig 
l)t,2 , 13 A p e r t ’ s Sy n d r o r n e  (a long  w ith  C rouzon , P feiffer, and 
Beare-Stevenson syndrom es) is assoc ia ted  w ith allelic m u­
tations o f the fibroblast g row th  fac to r recep to r 2 (FG FR 2) 
gene, but unlike the o th er synd rom es, the m utational spec­
trum of A pert’s syndrom e is rem arkab ly  specific . 14-16 A nal­
yses of unrelated patien ts w ith new  m uta tions all have 2 
specific C to G transversions in the F G F R 2  gene producing 
a Ser252Trp and P ro253A rg  su b s titu tio n .15,16 S tud ies also 
suggest that advanced  paternal age is a  risk  fac to r fo r new  
mutation in A pert’s sy n d ro m e .15,17
The ocular problem s in A p e rt’s syndrom e resu lt from  
disproportionate g row th o f  the brain  and the eye. P rem ature 
closure of m ultip le cran ial su tu res resu lts in the restric tion  
oi intracranial and orb ita l space  ex p a n s io n .1,2,13 T he orbits 
become lateralized and shallow  and are  no longer able to 
adequately protect the g lobe , w hich  resu lts  in proptosis, 
strabismus, and h y p erte lo r ism .111,1 9 V isual loss is the m ost 
severe ocular m an ifestation  and can resu lt from  exposure
keratitis and corneal scars, am blyopia , and op tic  a tro ­
p h y .18,20,21 O ther ophthalm ic findings described  include lac­
rim al apparatus dysfunction , structural alteration , absence 
o f  ex traocu lar m uscles, iris co lobom a, ocu lar a lb in ism , ker- 
a toconus, ec top ia  lentis, congenita l g laucom a, staphylom a, 
cataract, and m edullated  nerve fibers.6,9,10,20-23 An ade­
quate  ocu lar evalua tion  before  and after craniofacial in ter­
vention  is very im portant. O ph thalm ic  concerns o f  p rogres­
sive prop tosis w ith risk  o f  severe g lobe exposure, 
papilledem a, and progressive  visual failu re  from  optic nerve 
com pression  in the neonatal period  or infancy  necessita te  an 
im m ediate  plan o f  cran iofacial su rg e ry .19 T o the best o f  our 
know ledge, there are no studies tha t investigate  the p rev a­
lence o f  ophthalm ic sequelae in patients w ith A p e rt’s S yn­
drom e after cran iofacial surgery.
T he  surgical m anagem ent p ro toco l at the A ustralian  
C ran iofacial U n it has been based on the 3 epochs of 
g row th .24 In the early  period  up to  12 m onths, the surgical 
approach  aim s to expand  the cranial base  and p ro tec t the 
superio r orb it w ith fron to-orb ita l advancem ent, and to de­
com press the brain  w ith posterio r and la teral craniectom ies. 
In the in term ediate  period  from  1 to 10 years old, o rbito- 
stenosis from  progressive m axillary  hypop lasia  is m anaged  
w ith m idfacial advancem ent to p ro tect the g lobe at the 
inferio r m argin , and to re lieve concom itan t upper airw ay 
restric tion . In severe cases o f  cran iosynostosis , cranial space 
expansion  is ach ieved  by generous fron to-orb ita l advance­
m en t o r large b ilateral decom pressive  cran io tom ies, o r a
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Figure 1. Clinical features of a patient with A pert’s syndrome. N ote turricephaly, hypertelorism, antimongoloid slant, proptosis, low-set ears, midface 
hypoplasia, parrot-beak nose, and open bite.
combination o f both. In the late period, from  year 10 on­
wards, the focus is tow ard defin itive facial surgery  for a 
good aesthetic result.
In this study w e found  tha t visual im pairm ent is com ­
mon, and it occurred  in 54%  o f patients in at least one eye. 
This com pares w ith 73%  in 15 patien ts w ith A p e rt’s syn­
drome,5 32% in 56 patients w ith C rouzon sy n d ro m e ,12 and 
65% in 141 cases o f  a  com bined  population  o f  cran iosyn- 
ostosis syndrom es.8 In population  studies, the prevalence o f 
visual im pairm ent equal to  o r w orse than 6/12 in school-age 
children is considerab ly  low er, ranging from  1.8% to 
7.4%.25,26 A lthough structural abnorm alities are cited  to be 
the major cause o f  visual loss in c ran iosynostosis ,7,27-29 our 
study suggests that am blyopia  is the m ajo r cause o f  visual 
impairment in A p e rt’s syndrom e. T he p revalence o f  am bly ­
opia is 35%, com pared  w ith only 3.9%  to 6.5%  in popu la­
tion studies o f schoo l-age  ch ild ren .25,26,30 T he focus o f 
ophthalmic review  in patients w ith A p e rt’s syndrom e 
should be the early  detec tion  o f  am blyopia and the associ­
ated am blyogenic risk  factors and tim ely  occlusive therapy. 
All causes o f  am blyopia need  to be fully evaluated  at the 
initial presentation. E arly  strab ism us surgery  before the 
completion o f  cran iofacial surgery  has been advocated  if 
amblyopia and loss o f  fusion significantly  im pair v i­
sion.31,32 H ow ever, delayed  strab ism us surgery  has also 
been advocated, because  in ch ild ren  w ith com plex  cran io ­
facial m alform ation, strab ism us resu lts from  interplay of 
multiple factors including ou tw ard  and inferio r rotation of 
bony orbits w ith orbital and ocu lar ex torsion , and in som e 
cases absence and m icroscopic  anom alies o f  extraocu lar 
muscles w hich m ay not be corrected  w ith conventional 
strabismus surgery a lone.9,13,22,23,33 T he tim ing o f strab is­
mus surgery needs to be  considered  in con junction  w ith the 
priority o f craniofacial surgery  for functional problem s,
effectiveness o f o ther am blyopia  therapy, age, and psycho­
logical problem s associated  w ith strabism us.
S trabism us is a frequent finding in A pert’s syndrom e, 
w ith a p revalence o f 63% . T his study found a h igher p rev ­
alence o f  eso trop ia  than exotropia, w hich is consisten t w ith 
the finding by K han et al8 at final ophthalm ic review . 
C ran iofacial surgery does not norm ally  result in a change of 
ocu lar alignm ent.31 T he phenom enon o f m ore esotrop ia  
than exotrop ia  after surgery  m ay be due to a change o f  the 
pattern  o f  strabism us from  V exo trop ia  to A -pattem  eso tro ­
pia observed  im m ediately  after surgery .34 T he m ajority  can 
be expected  to revert spontaneously  back to  the original 
pattern w ithin 6 to 12 m onths; therefore any surgical co r­
rection o f  postoperative strab ism us should  be delayed for at 
least 6 m onths to a year after periorbital stripping in cran io ­
facial surgery.
T he study show s a high prevalence o f refractive errors 
(69% ), especially  hyperm etrop ia  (42% ) in  patients with 
A p ert’s syndrom e, w hich m irrors the refractive findings in 
C rouzon syndrom e (77%  o f  am etropia and 57%  o f  hyper­
m e trop ia ).12 D irect com parison betw een prevalence o f re­
fractive errors in population  studies and in patients w ith 
A p e rt’s syndrom e m ay not be valid  due to the large d iffer­
ences betw een age, sex, and e thn icity .35 H ow ever, the h igh­
est p revalence o f  am etrop ia  (23% ) and hyperm etrop ia  
(27% ) across d ifferen t population  studies ranging from  1 to 
15 years old are still low er than this study.25,26,35-38 It has 
been show n that hyperm etrop ia  o f  > 2  D is significantly  
associated  w ith strabism us and am blyopia .39,40 A nisom etro ­
pia (50% ) and oblique astigm atism  (34% ) are also com m on 
findings in A pert’s syndrom e. T he presence o f oblique 
astigm atism  during ch ildhood  is strongly associated  w ith 
am blyopia,41 and both an isom etrop ia  and oblique astigm a­
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tism correlate w ith the presence o f  am blyopia  in an adult 
population.42
Using the cu rren t surgical m anagem ent approach, the 
prevalence o f optic atrophy in this study is m uch low er 
compared w ith the era  before  a m ultid iscip linary  approach 
to craniofacial surgery . B efore cran iofacial surgery becam e 
popular in the 1970s by T essier,43 optic nerve dam age was 
one of the m ost feared com plications o f  craniosynostosis . 
Reports on the incidence o f  optic nerve involvem ent in 
craniosynostoses varied  in the early  studies, including as 
much as 100% for optic a trophy in oxycephaly  in the 
1900s,29 and 54%  for pap illedem a and op tic  atrophy in 
multiple cran iosynostoses.7 In  a study o f  219 patients, Ber- 
telsen44 found a d irect re la tionsh ip  betw een increased in tra­
cranial pressure w ith pap illedem a and optic a trophy, w hich 
suggested that the occurrence  o f optic a trophy is secondary 
to papilledem a, and w hich w as later confirm ed in a twin 
study.45 The onset o f  optic nerve invo lvem ent alm ost al­
ways occurred before the age o f  7 years, and seldom  
progresses thereafter w hen cerebral g row th is com plete .44 
Further studies show ed that a lthough  pap illedem a resolved 
with im provem ent o f  v ision  after cran io fac ia l surgery , vi­
sion rem ained poor in patien ts w ith estab lished  optic atro­
phy.27,46 D ecom pressive cran iofacial surgery  to  decrease 
intracranial p ressure should  be perfo rm ed  before the p res­
ence of optic a trophy, and preferab ly  before there is ev i­
dence o f papilledem a or optic nerve dysfunction  to ensure 
good visual outcom e.
Based on our review , w e found that corneal abnorm ali­
ties occur in 24%  o f eyes, w hich led to visual im pairm ent in 
8% of patients w ith A p e rt’s syndrom e. C hronic  corneal 
exposure secondary  to  p rop tosis com prom ises the ocular 
surface.18,20,21,28 W ithou t adequate  lubrication  and lid  p ro ­
tection, exposure keratopathy  has been observed. P ostoper­
ative periorbital sw elling  and conjunctival chem osis and 
prolapse may w orsen the corneal exposure due to altered 
tear film and inadequate  lid c losure over the com prom ised 
cornea.28 C orneal ulcers and keratitis have been observed 
after fronto-orbital advancem en t and should  be suspected  
early in patients w ho com plain  o f  red and painful eyes after 
craniofacial surgery. G enerous am ounts o f  ocu lar lubricants 
should also be routinely  adm in istered  after orbital surgery. 
Taping o f the eyelids at n ight and, if  necessary , an in traop­
erative tarsorrhaphy m ay need  to be done to tem porarily  
protect the cornea.
The retrospective nature o f  ou r study design inevitably 
leads to shortcom ings. D ata  ob ta ined  w ere incom plete, e s­
pecially for refractions and visually  evoked potentials, in 
which only 52%  and 54%  o f the data  w ere available. S ev­
enty-four percent to  85%  o f  data  w ere p resent for all the 
other investigated param eters. A s A p e rt’s syndrom e is a rare 
syndrome, the num ber o f  sub jects in a lm ost all param eters 
in this study m ay be large enough  to produce representative 
findings. There is also p robable ascerta inm en t bias due to 
the referral o f patients w ith m ore severe phenotypes to the 
unit.
The population o f  th is study w as characterized  by the 
diversity o f nationalities and an o lder age o f  presentation. 
Often the patients from  A ustra lia  had annual ophthalm ic 
follow-up as com pared w ith patients from  overseas, w ho
tended to have short-term  ophthalm ic review s w ithin the 
unit during the perioperative period. T his d isparity  in the 
pattern  o f  fo llow -up m ay affect the prevalence o f  oph thal­
mic findings.
In conclusion , visual im pairm ent occurred  com m only 
w ith A p ert’s syndrom e, and am blyopia  w as the prim ary 
cause. A lthough optic atrophy w as the m ajor cause o f visual 
im pairm ent before the era o f craniofacial surgery, the prev ­
alence o f  optic atrophy is low under the cu rren t surgical 
protocols. T his study show ed that corneal dam age also 
con tribu ted  tow ard visual im pairm ent. O rbital surgery  was 
com plicated  by com eal u lcer and corneal scarring, although 
in traoperative m anagem ent has now  been m odified to pre­
vent this from  happening. K eratopathy and corneal scarring 
secondary  to trichiasis w ere also observed. In order to 
achieve better visual outcom e in patients w ith A p ert’s syn­
drom e, early  detec tion  and adequate m anagem ent o f am bly­
op ia  is essential. V isual ou tcom e could  be further optim ized 
by perform ing  decom pressive surgery before the presence 
o f  optic atrophy and by careful attention  to protecting  the 
cornea from  exposure and traum a.
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Intellectual Outcomes Following Protocol Management 
in Crouzon, Pfeiffer, and Muenke Syndromes
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Abstract: Patients with craniosynostosis syndromes are tradition­
ally managed by a dedicated craniofacial unit. Optimal long-term 
management o f these anomalies is unclear, but in the Australian 
Craniofacial Unit, it involves ongoing care by an integrated multi­
disciplinary team, following a protocol that commences at birth and 
continues until the patient reaches skeletal maturity. The Australian 
Craniofacial Unit has, for the last 35 years, collected a significant 
series o f patients with these conditions who have completed man­
agement from birth to maturity.
The aim o f this study was to review this series o f patients and 
assess the long-term outcomes o f protocol management, focusing in 
particular on psychologic and social aspects.
This review demonstrates that these patients can do well . in 
society, and many achieve higher education and find full-time 
employment. Regular follow-up and comprehensive multidisciplin­
ary management allows for timely identification of any problems 
and appropriate intervention. This then helps to maximize the over­
all outcome for these patients.
Key Words: Craniosynostosis, crouzon, pfeiffer, muenke, 
syndrome, neuropsychology, outcome
{J Craniofac Surg 2009;20: 1252-1255)
Management o f patients with syndromic craniosynostosis traditionally takes place in a craniofacial unit. This entails an 
integrated multidisciplinary approach that is protocol-driven, begins 
at birth, and continues until the patient reaches skeletal maturity 
or beyond, if necessary. From its inception, the Australian Cra­
niofacial Unit (ACFU) adopted a protocol-based approach to patient 
management. This has enabled us to examine the long-term 
outcomes of patients who have completed their treatment protocol 
and to assess the effectiveness o f the protocol.
There have been few studies looking at the long-term out­
comes in syndromic craniosynostoses, and most o f these articles 
study morphologic outcomes.1_s Those that include investigation
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intellectual function are only in individuals or small numbers o f 
patients with limited follow-up.6' 8
METHODS
A retrospective case note review of all patients listed in the 
ACFU database as having Crouzon, Pfeiffer, or Muenke syndrome 
managed through to maturity was undertaken. These patients were 
all managed within the framework of a protocol-driven multidisci­
plinary team approach. Not all patients were referred at birth, there 
being a significant number who were referred at a later age, mostly 
from interstate or as a part o f the ACFU’s overseas outreach clinical 
service. These patients were excluded from this study. Data were 
collected both from the notes and from the ACFU database. These 
data were entered into a spreadsheet program and analyzed.
MANAGEMENT PROTOCOL
The ACFU uses a protocol-driven approach to patient 
management from birth to maturity. For Crouzon, Pfeiffer, and 
Muenke syndromes, the ACFU protocol is outlined as shown in 
Table 1.
RESULTS
A total o f 113 patients were identified on the ACFU data­
base as having a diagnosis o f Crouzon syndrome, 26 with Pfeiffer 
syndrome, and 5 patients with Muenke syndrome. O f these, 
75 patients with Crouzon syndrome have reached skeletal maturity, 
2 patients died before reaching maturity. Specifically, 14 patients 
with Crouzon syndrome have been treated from birth to maturity, 
and in addition, 14 patients with Pfeiffer syndrome have reached 
skeletal maturity, 7 o f these have been managed from birth. There 
are only a small number o f patients with Muenke syndrome iden­
tified, 4 have been managed from birth to maturity; 1 with a mild 
case o f Muenke syndrome was referred at age 18 years but has 
had no surgical intervention. Two patients with Muenke syndrome 
in the series were twins.
O f the patients treated from birth to maturity, males 
outnumber females in all 3 groups, with an overall ratio o f 1.8:1. 
However, when all o f the patients with Crouzons, Pfeiffer, and 
Muenke syndromes who have been managed by the unit are 
considered, the numbers o f male and female patients are similar.
SURGICAL PROCEDURES
The most common surgical procedure in all groups was 
fronto-orbital advancement, which was carried out in all but 3 o f the 
25 patients. Le Fort III osteotomies were carried out in 6 o f 14 
patients with Crouzon syndrome and in 3 o f 7 patients with Pfeiffer 
syndrome.
There have been no major surgical complications in any 
o f  the patients with Crouzon or Pfeiffer syndrome. One patient
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TABLE 1. M anagem ent Protocol for Syndrom ic  
Craniosynostosis
Age Protocol
Birth to 3 mo Complete multidisciplinary assessment
3-6 mo Planning meetings 
Surgery— priorities are airway, eye 
protection, and intracranial pressure 
Postoperative reviews
iy Total review 
Craniofacial clinic
1-10 y Annual reviews (multidisciplinary) 
Dentistry (6 monthly checks) and 
orthodontic treatment 
Craniofacial clinics 3 yearly 
Surgeiy (if required)— priorities are 
airway, eye protection, and 
intracranial pressure
Teenage years Annual reviews
Dentistry (6 monthly checks) and 
orthodontic treatment 
Surgeiy— orthognathic, Le Fort 
III advancement 
Postoperative reviews
Late teenage years Complete assessment 
Surgery— revision surgery 
Orthodontics (annual assessment, 
treatment, and prosthetic dentistry) 
Postoperative reviews 
Treatment complete
with Muenke syndrome lost sight in his left eye aftqr frontofacial 
advancement.
MORTALITY
Of the patients in this series managed from birth, there have 
been 3 deaths before skeletal maturity. Two o f the patients had 
Crouzon syndrome; the third was a patient with Pfeiffer syndrome. 
The cause o f death o f each patient was attributed to respiratory 
complications unrelated to surgery. All were females, and all were 
within the first 2 years o f life.
One patient with Crouzon syndrome died after reaching 
skeletal maturity. This male patient had graduated from nursing 
college and was working as a nurse. Unfortunately, he had an 
unstable cervical spine and he died o f a spontaneous subluxation of 
his atlantoaxial joint at the age o f 19 years.
SOCIAL OUTCOMES
All patients seen at the ACFU are periodically reviewed by 
the social work team. Any potential social issues are identified and 
addressed. The patients in this series were all seen by a social 
worker; their final assessment was generally when they were in their 
nudteens. Those patients who were from overseas were only seen by 
the social worker at their initial multidisciplinary assessment in 
Adelaide; the remainder o f their follow-up being carried out in their 
home country.
The social work reports showed that all but 1 o f the 25 
patients in our series were from stable family backgrounds and
lived with their biological parents at the time of their final as­
sessment. All o f the patients had a supportive family structure, and 
most were noted to be coping well with their condition.
There was only 1 patient with Muenke syndrome who lived 
in foster care. He had a moderate intellectual disability and was also 
noted to have behavioral problems. Two patients, 1 with Crouzon 
syndrome and 1 with Pfeiffer syndrome, were noted to have signs o f 
depression requiring further treatment at their final assessment.
None of the patients in this series are married or have any 
children yet. The mean age o f the patients is, however, only 21 
years; the oldest patient being 39 and the youngest patient is 
currently 16 years old. However, in our overall series o f patients 
with Crouzon syndrome (113 patients), there are 7 who have married, 
4 o f who have children. A further 3 patients are not married but have 
had children o f their own.
NEUROPSYCHOLOGY
As part o f the management protocol, patients are seen by 
the neuropsychologists on a number o f occasions to assess their 
development. The initial assessment occurs at 1 year o f age. The 
child is then reviewed every 3 years until they are 10, followed by a 
final assessment at 15 years in most patients. Formal intelligence 
testing is done on at least 1 occasion in all patients. Patients who 
show signs of intellectual impairment (i.e., IQ < 80) are formally 
tested more frequently than those of average intelligence. These 
patients also receive extra assistance at school in the form of teacher 
aides and special classes. The nature o f this extra input is not 
consistent between patients because the resources available vary 
considerably from state to state and between urban and rural 
communities. In all patients who had formal testing on more than 
1 occasion, the results did not change significantly between tests,
i.e., those that were shown to be borderline at 6 years remained 
borderline at 9, 10, 12, and 15 years.
The Wechsler Intelligence Scale for Children10 was used to 
assess children up until the age o f 16, and the Wechsler Adult 
Intelligence Scale11 was used if the patient was older than 16 years at 
the time of testing. Senior psychologists within our unit carried out 
the testing in all patients.
O f 14 patients with Crouzon syndrome, 11 have had formal 
neuropsychologic testing. O f the 3 patients not tested, 2 were from 
Oman and 1 was from Indonesia. These patients were not tested 
because they did not speak English and were only in Adelaide for 
a limited time before returning to their home country and also 
because o f significant cultural differences that exist. The cognitive 
function was assessed in our patients using the age-appropriate 
Wechsler Intelligence scale.9-11 O f those that have been tested, 
6 o f 14 are o f average intelligence, 2 are considered low average 
(IQ = 80-90), 2 are borderline for an intellectual disability (IQ = 
70-80), and 1 patient has an IQ of 59, which is within the mild 
intellectual disability range.
O f the 14 patients, 10 are known to have completed secondary 
school. These patients all completed year 12 at 17 years. All these 
patients attended mainstream secondary schools. Those with average 
intelligence did not require any special education or teacher aides. 
Those patients who were identified as having learning difficulties 
all had access to a teacher aide and/or extra classes as appropriate. 
O f the patients who completed year 12, 3 patients have gone on to 
complete university degrees. Three patients are from overseas, and 
there was no information available about their educational level. 
One patient has started secondary school but has not yet completed 
year 12. When this group is excluded, 91% ofpatients with Crouzon 
syndrome managed from birth have completed year 12 at the same 
age as their peers. This compares very favorably with the general 
population (80% o f students in Australia complete year 12).12 Five
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of the patients who have completed year 12 are too young to 
have completed tertiary education as yet. O f the remaining 2 
patients, 1 did commence university but withdrew before complet­
ing his degree.
The patients with Pfeiffer syndrome seem to have a higher 
incidence of intellectual impairment. O f the 5 patients who have 
had formal psychologic testing, 2 are o f average intelligence, 1 is 
described as being borderline for intellectual disability, 1 has a mild 
intellectual disability, and 1 is profoundly intellectually disabled. 
Two patients have completed year 12 within the normal time frame. 
One of these patients required a teacher aide and a significant 
amount o f extra input to help her through. One patient is currently in 
year 11 at a mainstream school with no extra assistance. All but 1 
of the patients has attended secondary school, 1 has obtained a 
bachelor o f arts degree, and 1 has completed an apprenticeship as a 
motor mechanic.
All o f the patients with Muenke syndrome in this series 
have had neuropsychologic assessment. The twins with Muenke 
syndrome have both completed year 12 on time, despite both 
being borderline for an intellectual disability (IQ = 70-80). They 
did require special education to help them through. The third patient 
is of average intelligence (IQ = 90-110). He did not require any 
special education and had no difficulties completing year 12. He is 
currently training to be a pilot. The final patient, who has a moderate 
intellectual disability (IQ < 70) has behavioral problems and has had 
several brashes with the law for assault and stealing. He did not 
complete year 12 at school despite having a significant amount of 
extra input.
Figure 1 summarizes the IQ o f our patients from birth* to 
maturity. The patients were tested at a mean age o f 13 2/3 years. One 
patient was tested at 4 years and was found to be profoundly 
intellectually disabled.
EMPLOYMENT
Data on employment status o f the patients in our series 
were incomplete. This reflects our finding that most patients tend 
to wait until their surgical treatment is complete before embarking 
on a career.
We do have some information on employment for 5 of the 
patients in our series. O f our patients with Crouzon syndrome, 1 is 
working as a chef. Another is a computer operator. One o f our
patients with Crouzon syndrome works as a nurse, and another 
works part time in a supermarket. One patient with Pfeiffer syn­
drome is a pilot, and another is a motor mechanic.
DISCUSSION
To date, the ACFU has managed 14 patients with Crouzon 
syndrome, 7 patients with Pfeiffer syndrome, and 4 patients with 
Muenke syndrome from birth to skeletal maturity. A significant 
number of patients have been referred to the ACFU later in life. Of 
these patients, 60% were from within Australia and New Zealand. 
All o f the patients seen in the ACFU were managed according to 
protocol.
Early intervention in fironto-orbital advancement is accepted 
as a key surgical component in the management o f syndromic 
craniosynostoses1,3’4’13; this procedure was carried out in all but 
3 patients in our series. Le Fort III advancement to address the 
midface hypoplasia and faciostenosis is also well described in 
the literature1,2,4’6’14-16; this was the second most common major 
procedure, being carried out in 6 patients.
In our series, all but 1 o f our patients came from a stable and 
supportive family background and lived with their biological 
parents. Only 2 patients were found to show any signs o f depression, 
which was managed appropriately.
For cognitive function, our results show that more than 50% 
o f patients with Crouzon syndrome in this series have normal 
intelligence. Patients with Muenke and Pfeiffer syndromes were 
more likely to be intellectually impaired. A previous article from the 
ACFU6 showed that the IQ o f  patients with Crouzon syndrome was 
less than 70 in only 3 o f 25 patients. However, these were not 
patients who had been observed from birth to maturity and had a 
median age of 9 years. Yacubain-Femandes et al8 looked at the IQ 
o f 11 patients with Crouzon syndrome between the ages o f 16 and 
156 months. They9 assessed the cognitive function in their patients 
using the Wechsler Intelligence Test Version 3. The IQ in their series 
ranged from 46 to 102 with a mean o f 84.2. This is similar to our 
own findings.
The ACFU is a quaternary referral center, with patients being 
referred from both within the state as well as more complex cases 
from interstate and overseas. Consequently, it would be expected 
that the patient population that is seen is likely to be at the more 
severe end of the spectrum. This would be particularly true of 
the patients with Crouzon syndrome, which can have a very wide 
spectrum o f severity. Most patients in this series have had 
transcranial surgery (29/32 patients). Whether this patient popula­
tion has a higher incidence of cognitive impairment than more 
mildly affected patients requires further evaluation.
Three patients with Crouzon syndrome, 1 patient with Pfeiffer 
syndrome, and 1 patient with Muenke syndrome have successfully 
completed a university degree. All o f the patients in our series have 
attended mainstream secondary schools, albeit with extra assistance 
in a number o f patients; most have completed year 12. One patient 
with Pfeiffer syndrome did not make it further than grade 9, which 
he completed. One patient with Muenke syndrome did not complete 
year 12. This compares very favorably with the general school leaver 
population of Australia,12 o f which 80% have completed year 12.
CONCLUSIONS
Patients with syndromic craniosynostosis are complex 
patients who benefit significantly from integrated multidisciplinary 
care from birth to maturity. The surgery that is required varies and 
depends upon the severity o f the condition. This generally involves 
cranial decompression early in life to prevent or alleviate raised 
intracranial pressure and/or fronto-orbital advancement to protect





Average (90-110) Low Average (80-90) Borderline (70-80) IntellectualDisability
(<70)
FIGURE 1. IQ  in patients m an aged  from  birth to maturity.
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the eyes. Once the patient is older, the midface may need to be 6.
advanced.
These patients can do well in society; many go on to achieve 7-
higher education and find full-time employment. There are a 
significant number o f  patients, however, who have specific 8- 
neuropsychologic issues. Early identification o f these as a part o f 
a regular, protocol-driven, multidisciplinary management plan 
allows for timely identification of any problems and appropriate 
intervention. This then helps to maximize the overall outcome for 1Q
these patients.
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Clinical Note
Late Results After Unicoronal 
Craniosynostosis Correction
Peter J. Anderson, MD, FDSRCS(Ed), FRCS(Eng), FRCS(Plast), 
David J. David, MD, FRCS(Ed), FRCS(Eng), FRACS
North Adelaide, South Australia
T he a u th o rs  re p o r t n in e  p a tie n ts  w ith  u n ico ro n a l 
sy nosto sis  w h o  w e re  tre a te d  w ith  th e  sam e su rg ica l 
p ro toco l a n d  w h o  n o w  h av e  reach ed  sk e le ta l m a tu ­
rity . T h ese  p a tie n ts  a ll u n d e rw e n t su rg e ry  a t th e  
A u stra lian  C ran io fac ia l U n it d u r in g  a 2 -year p e rio d  
b y  one  o f tw o  c ran io fac ia l su rg e o n s  a n d  o n e  o f tw o 
n eu ro su rg eo n s . T h e  o p e ra tiv e  p ro c e d u re  in  a ll of 
these  cases w as  th e  sam e  te c h n iq u e , in  w h ic h  th ere  
w as u n ila te ra l a d v a n c e m e n t o f th e  a ffec ted  side . N o 
cases re q u ire d  re o p e ra tio n ; h o w e v e r, o n e  case s u b ­
se q u e n tly  re q u ire d  re v is io n  o f  th e  co ro n a l scar, an d  
tw o cases re q u ire d  s tra b is m u s  co rrec tion . A ll cases 
w ere re v ie w e d  to  e v a lu a te  p a tie n t re su lts  b y  th e  
c lin ica l s ta ff; re c e n t p h o to g ra p h s  a t sk e le ta l m a tu ­
rity  a lso  w ere  rev iew ed . T w o  p a tie n ts  h a d  a d u lt 
co m p u ted  to m o g ra p h y  scans a v a ila b le  fo r sk e le ta l 
a ssessm en t, a n d  o n e  a d d it io n a l p a tie n t h a d  u n d e r ­
gone se r ia l c o m p u te d  to m o g ra p h y  scan s  d u r in g  
ch ild h o o d . T h e  p a tie n ts  a lso  co m p le te d  a n  a n o n y ­
m ous q u e s t io n n a ire  to  a sce r ta in  th e ir  a sse ssm e n t o f 
th e ir  ap p ea ran ce . T h e  re s u lts  o f th e  c lin ica l an d  ra ­
d io lo g ic  a s s e s sm e n ts  a n d  q u e s t io n n a ire  su g g e s t 
th a t th e  o p e ra tiv e  p ro c e d u re  u n d e r ta k e n  in  th ese  
cases h as p ro d u c e d  sa tis fac to ry  re s u lts  in  th e  lo n g  
term , w ith  few  in d iv id u a ls  re q u ir in g  (or even  con ­
s idering ) a d d it io n a l su rg e ry , d e sp ite  som e p e rs is ­
ten t a sy m m etry .
Key Words: Coronal su ture, craniosynostosis
Unicoronal synostosis is the early fusion of a coronal su ture, w hich results in variable deform ity in infancy. The deform ity af­fects both  the forehead and the face. This includes ipsilateral flattening of the frontal and pa-
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rietal bones, tem poral retrusion w ith  elevation and 
recession of the supraorbital rim, and vertical orbital 
dystopia.1,2 The contralateral forehead m ay exhibit 
com pensatory frontal bossing. The face m ay have de­
viation of the nasal root and even the chin.2
Fig 1 AP and vertical view of patient 1 before surgery, 
demonstrating the forehead and facial asymmetry.
1
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Fig 2 AP and vertical view of patient 1, 2 months after 
surgery, demonstrating the forehead symmetry.









1 R F 5 N N
2 R F 3 N Y
3 L F 3 N Y
4 R F 3 N Y
5 R F 11 Y N
6 R F 6 Y N
7 L F 3 N N
8 R F 2 N N
9 L M 3 N N
Fig 3 AP, Vertical view and worms eye view of patient 1 
at age 19 years w ith no additional surgery.
2
LATE RESULTS AFTER UNICORONAL CRANIOSYNOSTOSIS CORRECTION / Anderson and David
Fig 4 AP views of patients 2 to 9, supplem ented w ith worms eye view.
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Fig 4 (continued)
4
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Fig 4 (continued)
The ben e fits  o f su rg ica l co rrec tion  h av e  long  
been estab lished , an d  all o p e ra tiv e  co rrections in ­
volve excision o f th e  affected  su tu re  as th e  m o s t im ­
p o rtan t p a r t  o f th e  p ro ced u re . H o w ev er, th e  ex ten t of 
ad d itiona l o steo to m ies a n d  reco n s tru c tio n  is a m atte r 
of d e b a te -p rim a rily  as to  w h e th e r  on ly  th e  affected 
side o r b o th  sides o f th e  fo reh ead  req u ire  recon tou r- 
ing. T here h av e  b een  rep o rts  o f re su lts  o f b o th  su r­
gical app ro ach es , b u t these  h ave  b een  lim ited  b y  fol­
lo w -u p  p e r io d s  o f a few  y e a rs  a n d  w e ll b e fo re  
g row th  is co m p le te .2
W e h av e  u n d e r ta k e n  a s tu d y  of in d iv id u a ls  w h o  
have b een  tre a ted  b y  th e  p ro toco l estab lished  by  the 
A ustralian  C ran io facia l U n it (ACFU), w h o  h av e  now
reached  skeletal m a tu rity , so  w e  can  assess th e  lo n g ­
term  outcom e of o u r su rg ica l in terven tion .
M e t h o d
All p a tien ts  w ith  un ico ro n a l synostosis w h o  have reached  skeletal m a tu rity  w ere  iden tified  from  
the A CFU  d e p a rtm en ta l da tabase . T hey  w e re  in v ited  
to a tten d  the d e p a rtm e n t fo r rev iew  a n d  clinical p h o ­
to g rap h s  o r asked  to  su p p ly  a cu rren t p h o to g rap h . 
A ll la te  p o sto p e ra tiv e  co m p u ted  to m o g rap h y  (CT) 
scans also w ere  critically  rev iew ed .
In  ad d itio n , all o f th e  p a tie n ts  w e re  se n t an  
an o n y m o u s qu estio n n a ire  to  ascerta in  the ir satisfac­
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tion w ith  their final appearance, and w hether any  
additional surgical procedures had been  considered  
or undertaken to im prove their appearance. The de­
partmental case notes w ere review ed  to confirm the 
operative details and subsequent m anagem ent in  all 
cases, as w ere photographs and any later CT scans.
R e s u l t s
Nineteen  cases o f un icoronal syn osto sis  w ere  identified from  the departm ental case notes. It 
was confirm ed that the operation w as the sam e in all 
cases and consisted of rem oval o f the affected coro­
nal suture and unilateral advancem ent o f the af­
fected side. The fo llow -up  to m aturity at the unit w as 
undertaken usin g  the ACFU protocol, even  w hen
Fig 5 Serial CT scans of patient 6 (A) 
before surgery, (B) 2 weeks after sur­
gery, (C) at age 4 years, and (D) at age 
12 years.
early results w ere satisfactory (Figs 1, 2). The cases 
are sum m arized in Table 1. It is notable that o f the 
patients available for study, only one w as m ale, w ith  
the rem aining eight being fem ale. The age at opera­
tion ranged from 3 m onths to 1 year, although only  
tw o patients w ere older than 6 m onths.
The clinical assessm en t concluded that there 
w as a range of cosm etic results (from very good  to 
m oderate), but all w ere deem ed at least acceptable. 
The long-term  photographic appearances are show n  
in Figures 3 and 4.
Two CT scans at skeletal m aturity (patients 1 
and 8) reveal that there w as still som e orbital asym ­
m etry (Figs 5, 6), w hich  w as m ore evident than their 
respective clinical photographs suggested.
One additional patient (patient 6) had under­
gone three CT scans during childhood (Fig 7). These '
6
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Fig 6 AP, left lateral, and vertex view of CT scan of patient 1 at age 18 years, with residual forehead and orbital 
asymmetry.
serial stud ies (along w ith  the preoperative scan) un­
derwent m easurem ent of the intracranial volum e u s­
ing the Persona softw are package develop ed  in our 
departm ent and com pared w ith  norm al values3 to
Fig 7 AP CT scan of patient 8 at age 17 years, w ith mild 
asymmetry.
see if this changed w ith  growth. The study of the 
intracranial volum e of patient 6 show ed  that that 
w ere no significant changes w ith  grow th w hen  com ­
pared w ith  norm al values (see Fig 8), w hich  confirms 
that once the affected suture has been rem oved, the 
relative postoperative positions are m aintained.
Replies to the anonym ous questionnaire w ere  
received from all n ine patients. These results re­
vealed that they w ere all satisfied w ith  their appear-
Age (m onths)
Fig 8 Case 6 showing the intracranial volume compared 
with normal values during growth.
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Fig 9 (a) Intraoperative view demonstrating the fused co­
ronal suture affecting the right side, (b) Intraoperative 
view demonstrating the unilateral reconstruction.
ance, and no patient had undergone additional sur­
gery elsewhere to im prove his or her facial appearance. 
Interestingly, one patient (patient 3) w as aware that 
her nose w as asym m etrical but w as not sufficiently  
concerned to consider additional surgical correction. 
This sam e patient also had been  identified by  the 
clinicians as having the least satisfactory result.
One patient (patient 8) had a stretched scar that 
was revised at the age of 14 years. Two patients had
Fig 10 The widened scar on the affected side of the scalp 
of patient 8 at age 14 years.
c o n seq u en ces  re su ltin g  from  th eir  a b n orm ally  
shaped orbits on the affected side and experienced  
strabism us, w hich  required corrective surgery (in 
one patient on tw o occasions). One other patient (pa­
tient 4) w as offered ophthalm ic surgery but declined.
All of these nine patients at the tim e of surgery  
w ere thought to have cases o f nonsyndrom ic isolated  
unicoronal synostosis, but it has subsequently been  
found that three of these patients have the synostosis 
as part of a syndrom e. These w ere M uenke syn ­
drom e (patient 2), Saethre-Chotzen syndrom e (pa­
tient 3), and Hunter-M cAlpine syndrom e (patient 4).
D is c u s s io n
The deform ity produced by  craniosynostosis of the unicoronal suture affects the forehead, orbit, 
and m idface and occasionally  the m andible. This 
produces a recessed brow  and flattened forehead, 
along w ith  a variable am ount o f orbital dystopia and 
contralateral frontal bossing.
A lthough the need for release of the affected su ­
ture is w ell established,4 the operation o f choice re­
m ains uncertain. There are proponents of unilateral
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fronto-orbital advancem ent,5'6 w hereas others prefer 
a bilateral approach.7,8 Currently, direct com parison  
of postoperative outcom e sh ow s differences in out­
comes, w ith  both  no  discernible difference9 and bet­
ter results w ith  a bilateral approach being reported.2 
H ow ever, these postoperative results are at best only  
a few  years after surgery, and long-term  results of 
surgery for unilateral craniosynostosis are lacking. 
H ow ever, w e  believe  that the outcom e of any proce­
dure cannot be fu lly  assessed  until skeletal maturity  
has been reached, w h en  affected ind ividuals m ay be  
more aware o f their appearance and in  particular of 
any rem aining forehead, m idface, or m andibular  
asym metry.
The cases in this series have an unusual fem ale- 
to-male ratio, w h en  com pared w ith  a previous report 
of 2:1,2 although m ost of the other 19 patients w ho  
could n ot be contacted w ere male.
A ll these patients und erw ent unilateral fronto- 
orbital advance in the m anner described by the se­
nior author10 (Fig 9). Our initial results from  11 cases 
were good  w ith  regard to the frontal recession and 
the orbital deform ity , w hereas serial radiographs 
also suggested  im provem ent in basal deform ity.10 
Our initial results in 11 successive cases using this 
technique w ere  reported  at the RACS Scientific  
Conference in 1984 and w ere described as prom is­
ing.11
This is sim ilar to the conclusion  of a later report, 
w hich  h ig h lig h ted  th at asym m etrica l sy n o sto ses  
treated before 1 year o f age b y  unilateral orbital re­
positioning require no additional surgery in m ore 
than 90% o f cases,5 although the m ean period o f fol­
low -up in that series w as less than 3 years.
W e believe that critical exam ination identifies 
that there rem ains variable m ild  m idface and m an­
dibular asym m etry, particularly affecting the nose  
(which can best be seen  on the w orm s eye v iew ) and  
orbital dystopia. H ow ever, on ly  one of our respon­
dents (patient 3) m entioned  this in  the questionnaire 
or in response to direct questioning. This asym m etry  
is also h igh lighted  in  CT scans at skeletal maturity  
(Figs 5, 6).
There have been no patients w h o  required reop­
eration and no  exam ples o f neurologic deficit or de­
velopm ental d elay , both  o f  w h ich  have been  re­
ported.2 N o  early  com plications, su ch  as w ou n d  
infection, cerebrospinal fluid leak, or even  the later 
com plication of prom inent w ires, are recorded. The 
late revision at age 14 years in  patient 8 of the w id ­
ened scar is the on ly  notable com plication (Fig. 10), 
and w e already had m odified  our coronal scalp flap 
incision to reduce this risk.
The study  of longitudinal changes in intracranial 
volum e suggests that the relative postoperative pro­
portions are m aintained w ith  grow th.
The subsequent d evelopm ent o f ocular prob­
lem s (and in  particular strabism us) in  the recon­
structed orbit in tw o of our cases (patients 7 and 8), 
are w ell recognized as late sequelae o f unicoronal 
synostosis,12 and this finding is sim ilar to that of a 
previous rep ort2 H ow ever, these are rarely reported  
in the craniofacial literature because they are m an­
aged by the ophthalm ic team.
The subsequent identification in three of these 
cases that they had craniosynostosis as part o f a syn ­
drom e reflects the im provem ents in diagnosis. It is 
significant that none of these patients had requested  
additional surgery because the outcom e w as still 
considered to be acceptable, although patient 3 had  
expressed som e concerns regarding her nasal asym ­
m etry earlier in childhood but currently is not w ish ­
ing to pursue this further. It is particularly notable 
for patient 2, w ho w as subsequently  found to have  
an underlying FGFR3 m utation, because it has been  
suggested  that this m utation  is associated w ith  a 
higher surgical revision rate.13
Finally, it is notable that tw o  o f the syndrom ic 
cases (patients 2 and 3) had som e developm ental d e­
lay, w h ich  w as attributed to the underlying syn ­
drome. N on e o f the other patients experienced any  
speech or language delay that has been  reported in 
unicoronal synostosis2 and m ore recently on long­
term follow -up of single-suture craniosynostosis.
In conclusion, w e  have sh ow n  that the operation  
of unilateral frontal ad van cem ent for unicoronal 
synostosis can result in  an adult w h o  is unlikely to 
require additional revisional surgery, and in w hom  
the result is acceptable to the ind ividual and the sur­
geon. H ow ever, on the basis o f the inform ation that 
w as currently available, this departm ent changed its 
treatment protocol for unicoronal synostosis 12 years 
ago, and all subsequent patients n ow  undergo a bi­
lateral reconstruction, so there w ill be few  additional 
cases available to add to this existing sm all study.
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Breast Cancer Risk Is Not Increased in Individuals 
with TW IST I Mutation Confirmed Saethre-Chotzen 
Syndrome: An Australian Multicenter Study
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S aeth re-C hotzen synd rom e (SCS) is a ra re  au tosom al do m inan t syndrom e invo lv ing cran iosynostos is , craniofacia l abnor­
malities, and syndactyly. A  re ce n t Scandinavian study re p o rte d  an Increased risk  o f breast cancer in individuals w ith  a c lin i­
cal diagnosis o f  SCS. Because o f  the  p o te n tia l im po rtan ce  o f  th is  find ing, w e organized a m u lt ic e n te r study en ro lling  people 
w ith  TWIST I m u ta tio n  c o n firm e d  SCS to  de te rm in e  if  an increased risk  o f  cancer is present. Th is study did n o t iden tify  
any cases o f  b reast o r  ovarian cancer in a c o h o r t  o f equ iva len t p o w e r to  th a t re p o rte d  previously. These resu lts p rov ide  
clinical reassurance th a t a t p resen t th e re  Is no evidence fo r  breast cancer screening above standard practice  fo r  individuals 
w ith  SCS. ©  2009 Wlley-Liss, Inc.
IN T R O D U C T IO N
S aethre-C hotzen  syndrom e (SC S) is a rare 
autosom al dom inant craniosynostosis syndrom e  
w ith variable exp ressiv ity  o f  clinical m anifesta­
tions includ ing  coronal craniosynostosis, ptosis, 
orbital dystopia, prom inent crura, and minor syn ­
dactyly (R eardon and W inter, 1994). SC S is asso­
ciated w ith heterozygou s 1WIST1 germ line  
m utations that can occur throughout the gen e  (cl 
G houzzi e t  al., 1997; Johnson e t al., 1998). T h e  
transcription factor activ ity  o f  TWIST! is know n  
to regulate the expression  o f  m em bers o f  the 
fibroblast growth factor receptor (FGFR) gen e  
fam ily (R ice  ct al., 2000) and m utations in the 
genes FGFR1-3 have also b een  associated  w ith a 
num ber o f  syndrom ic craniofacial syndrom es 
including M u en k e , C rouzon, P feiffer, Apert, and 
Jackson-W eiss (Jabs e t al., 1994; M u en k e  e t al., 
1994; Reardon e t al., 1994; R utland, e t  ah, 1995; 
W ilkie et ah, 1995), w hich  show  som e clinical 
overlap w ith  th e SC S phenotype.
TWIST1 expression  has also b een  show n to reg­
ulate the activ ity  o f  a num ber o f  g en es w ith a 
central role in the d ev e lo p m en t o f  cancer, includ­
ing TP53 and E -cadherin (Stasinopoulos et ah, 
200.5). O ver-expression o f  TWIST! has been  
found to be a com m on finding associated  w ith  
breast cancer progression and m etastasis (Yang 
e t ah, 2004). A recent report appeared to link  
th ese  two fields by reporting a m arkedly  
increased in cidence o f  breast cancer in w om en  
w ith SCS (Sahlin e t ah, 2007). F ifteen  w om en  
w ith breast cancer w ere identified  in nine fam i­
lies am ong the 15 kindreds with a clinical d iagno­
sis o f  SC S, an overall standardized in cid en ce ratio 
(SIR ) o f 16.8. In the Scandinavian study, T'WISTI 
m utation analysis was perform ed to confirm the  
diagnosis o f  SC S in only one o f  the 15 fam ilies 
and little inform ation on the cancer histories in 
the w ider fam ilies was available. Significantly  
four o f  the w om en w ith breast cancer and SCS
•Correspondence to: Paul A. James, G enetic H ea lth  Services 
V ictoria, 10th floor, Royal C h ild re n ’s Hospical, Purkville  V IC  
3052, Australia. E -m ail: paul.james@ghsv.org.au
Received 9 Decem ber 2008; Accepted 25 February 2009 
D O I 10.1002/gec.20661 
Published online 16 A p ril 2009 in 
W iley  InterScience (w ww .in terscience.w iley.com ).
© 2009 Wiley-Liss, Inc.
534 JAMES E T A L .
were from a s in g le  fam ily, but testin g  for other 
more com m on g en etic  forms o f  breast cancer pre­
disposition w ere not reported. T h e  reported  
increased risk o f  breast cancer reported by Sahin  
et al. w ould  be h igh ly  significant if confirm ed and 
w ould have major im plications for the m anage­
m ent o f  individuals w ith SCS.
T o  address this issue, w e exam in ed  the risk for 
breast cancer and other m alignancies in a cohort 
o f 7W AV77-mutation confirm ed SGS fam ilies 
from Australia, ascertained through the craniofa­
cial d iagnostic testin g  program at the gen etics  
laboratories o f  South  Eastern Area Laboratory 
Services in Sydn ey . T h e  stu dy was d esign ed  to 
clarify the potentia l breast cancer risk by d eter­
m ining the freq u en cy  and distribution o f  cancer 
in the cohort o f  individuals w ith  SC S and com ­
paring this w ith age and birth-year m atched pop­
ulation data.
M E T H O D S
Ethics A p prova l and P a tie n t C o n ta c t
E thics approval for this study was obtained from  
South East S yd n ey  and Illawarra Area H ealth  
Service, H R E C  R ef:PO W  07/159. F am ilies were 
ascertained on th e basis o f  a diagnosis o f  SC S from  
the databases o f  the SE A L S  M olecular G en etics  
Laboratory, N S W , and G en etic  H ealth  Services 
Victoria. R eferring g en etic ists  and surgeons were 
contacted and asked to in v ite  confirm ed SCS  
patients to participate in this study. T h e  initial 
patient contact was through the treating physician. 
O nly the fam ilies w ith inherited  m utations a ffect­
ing adults w ere contacted: individuals w ith de 
novo TWIST1 m utations in childhood w ithout 
affected adults in a p ed igree w ere exclud ed .
Study participants had provided con sen t for 
diagnostic m olecular testin g  previously, and addi­
tional co n sen t for the co llec tion  and use o f  c lin i­
cal inform ation includ ing  know n 1WIST1 
m utation status was sought from SCS individuals 
for the purpose o f  this study. O n ce con sen t was 
given, the proband for each fam ily  was contacted  
(or their parents w here th e  proband was a minor) 
and fam ily history o f  cancer was obtained using a 
standardized and previously  validated  q u estion ­
naire (w w w .kconfab .org.au). In addition, a num ­
ber o f clin ical q u estions w ere used  to investigate  
the p ossib ility  o f  SC S in other fam ily m em bers.
T h e  data co llec ted  in cluded  dem ographic in­
formation (date o f  b irth/death, sex), and cancer 
history (anatom ical site  and age at diagnosis for
each cancer) for the proband, as w ell as first-, 
second-, and th ird-degree g en etic  relatives o f  the  
proband. A dditional qu estions related to the pres­
en ce  o f  features (craniofacial or cosm etic  surgery, 
the presence o f  toe syndactyly, a history o f  d eaf­
ness) that could suggest further, unrecognized  
cases, o f  SC S in the first-, second-, and third- 
degree gen etic  relatives o f  the proband.
M olecu lar G en e tic  Analysis
M utation screen ing  was perform ed either by 
denaturing H P L C  analysis or D N A  seq u en ce  
analysis o f  the 7TF/A77 cod ing exon in tw o frag­
m ents (T W IS T  1 359 bp and T W IS T la  461 bp). 
P atient D N A  was prepared from peripheral blood  
co llected  in E D T A  using a Q iagen  D N A  extrac­
tion kit, fo llow ing the m anufacturer’s instructions 
and stored at 4°C  at 100 ng/pL  until used. O ligo­
n u cleotid e  prim ers (available on request) were 
design ed  for the TWIST1 coding exon  based on 
the !TW1ST1 reference seq u en ce  (G enB ank A cces­
sion num ber N M _000474). P atien t D N A  was 
am plified using PC R  w ith the fo llow ing con stitu ­
ents: 100 ng D N A , P latinum  T aq  0.5U , 1.5 m M  
M gSOii, 0.2 mM  d N T P , lx  P C R x Am plification  
buffer, 5 pm ol o ligon u cleo tid e  prim ers. TWIST1 
is a GC-rich gen e, therefore, the 3X  PC R x  
E nhancer system  (Invitrogen) was used routinely.
T h e  sam ples w ere denatured and the T aq  po­
lym erase activated by heating to 95°C  for 4 m in, 
follow ed by 33 cycles o f  annealing at 60°C  for 
30 s, ex ten sion  at 72°C  for 1 m in, and dénatura­
tion at 95°C  for 30 s. T h e  final cycle  consisted  o f 
an ex ten sion  at 72°C  for 5 m in. D enaturing  
H P L C  was perform ed using a Varian H elix  using  
the follow ing dénaturation tem peratures listed in 
the table. D N A  seq u en ce  analysis was perform ed  
using an ABI 3130x1 G en etic  A nalyser w ith  data 
analysis by Seqscape software. All analyses 
included  am plicon-specific p ositive and negative  
controls. All m utations w ere characterized by 
bidirectional D N A  seq u encing .
Statistical Analysis
Individuals w ere censored  at the age o f  death  
or their current age at th e tim e o f  the q u estion ­
naire interview  and carrier status was determ ined  
by m olecular testin g  or clin ical features con sisten t 
w ith  a diagnosis o f  SC S in a relative o f  an indi­
vidual w ith a know n TWIST1 m utation. An asso­
ciation b etw een  a TWIST1 gen e  m utation and an 
increased risk o f  breast cancer was assessed  by- 
com paring, for m utation carriers, the observed
Cenes, Chromosomes & Cancer DOI 10.1002/gcc
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TABLE I. Breast Cancer H is to ry  and Family M utation fo r  13 Families w ith  Saethre-Chotzen Syndrome
Family
A ffected All M utation
N o. Br Ca No. Br Ca c D N A A A
1 28 0 93 0 c.230delA K77X
2 5 0 18 0 c .4 2 IG > C D 141H
3 2 0 20 1 c.376G >T E I26X
4 2 0 21 0 c.l90 -200 dup S68T fs
5 4 0 59 0 c.395G >T R I32L
6 2 0 6 0 c.8 l-82 de linsT T Q 28 X
7 7 0 18 0 C hrom osom e 7 inversion"
8 10 0 21 0 c.309C >G Y I0 3 X
9 5 0 24 0 c.438—439insT Q I4 7 X
10 3 0 12 0 C .7 7 9 0 T Q I0 7 X
11 3 0 14 0 W ho le  gene deletion
12 4 0 8 0 c .92 C > T Q 28X
13 14 0 31 0 c .376G >T E I26X
Total 89 0 351 1
"Family 7 have an inversion o f chromosome 7 w ith  a breakpoint involving the TWIST locus at 7p2 l. Typical SCS is the only phenotype observed in 
this family.
No., number o f individuals; Br Ca, breast cancers; AA, amino acid; fs, frameshift.
num ber o f  fem ales w ho had b een  d iagnosed  w ith  
breast cancer w ith that ex p ec ted  based on their 
age and year o f  birth. Year o f  birth, age, and his­
tory o f breast cancer o f  relatives w ere ascertained  
from th e proband and other fam ily m em bers. 
W here p ossib le  in the larger fam ilies more than  
one adult fam ily m em b er was in terv iew ed  (six 
individuals in fam ily 1, tw o individuals in fam ily  
8); how ever, the data w ere not validated  through 
population registries. T h e  num ber o f  observed  
breast cancer cases and person-years at risk w ere 
calculated for calendar year. T h e  ex p ected  num ­
ber o f  cases o f  breast cancers in m utation carriers 
was estim ated  by m ultip ly ing  the observed per­
son-years by the age- and birth cohort-specific  
in cidence rates o f  breast cancer from published  
national rates (Australian In stitu te o f  H ealth and 
W elfare, 2008). Breast cancer in cid en ce rates 
prior to 1985 (w hen  in c id en ce  data first becam e  
available for Australia) w ere estim ated  from U S  
rates assum ing th e  ratio o f  in c id en ce  rates in 
Australia to the U n ited  States before 1985 w ere  
the sam e as those after 1985. A SIR —-the ratio of 
observed breast cancer to ex p ected  breast can­
cers— and its exact P oisson  95% con fid en ce inter­
val and corresponding P va lues w ere calculated  
using Stata (Stata 9, 2005).
R ES U LTS
T h ir teen  m u ltip lex  fam ilies w ith SC S were 
identified and all agreed to participate in the  
study. M utations in the TWIST1 g en e  w ere d em ­
onstrated in the proband in all fam ilies (T ab le  1).
'T hese m utations included  reported m issen se and 
truncating m utations, tw o o f  w hich  w ere novel.
T h e  cancer history o f  351 individuals g e n e ti­
cally related to the affected  proband was 
obtained, w hich included  89 affected  individuals 
w ith SC S (49 fem ales). T h irty  one o f  the affected  
w om en w ere more than 25 years old at the tim e  
o f censoring. T h e  m edian  age was 34 years (range, 
4-79 years) 43 years for the 31 adult fem ales. 
N o n e  o f  th ese  w om en  w ere reported to have  
b een  diagnosed w ith breast cancer. O n e w om an  
was reported to have b een  diagnosed  w ith  stom ­
ach cancer at age 78 years. 'There w ere no other 
reports o f cancer. T h e  exp ected  num ber o f  breast 
cancers in th ese  w om en  g iven  their age and birth 
year was 0.35 cases (95% C l 0-3.7 cases). 'The SIR  
was estim ated  to be 0 (95% C l 0-10.8).
'Three cancers w ere reported in the 89 affected  
individuals, stom ach cancer (d iagnosed  age 79 
years), and two prostate cancers (both diagnosed  
at age 65 years). A further 8 cancers w ere reported  
in the 263 unaffected  fam ily m em bers, including  
one breast cancer (d iagnosed age 39), on e colorec­
tal carcinom a, three hem atological m alignancies, 
two stom ach cancers, and a brain tumor.
M utations in the 'l'WISTl g en e  are described  
as having a high penetrance for at least som e o f  
the com pon en ts o f  the SC S phenotype; how ever, 
w e considered  the possib ility  that a first-degree  
relative o f an affected  individual could  harbor a 
TWIST1 m utation in the ab sen ce o f  a recognized  
SC S p h en otype. In the 13 fam ilies, there w ere 47 
fem ales u n tested  for the fam ily m utation, w ho  
w ere apparently unaffected  first-degree relatives
Genes, Chromosomes & Cancer DO I 10.1002/gcc
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of an affected  individual, including 37 over age 
25 years. In this apparently u naffected  group o f  
w om en, there was one d iagnosis o f  breast cancer  
at age 39 reported in a d eceased  individual. T h is  
m eans that even  if an u n d etected  1'WISTl m uta­
tion was p resen t in any apparently unaffected  
first d egree relative, it w ould not alter the finding  
of no ev id en ce  for an increase in breast cancer  
incidence.
D IS C U S S IO N
W e found no e v id en ce  for an increased risk o f  
breast cancer in fem ale  carriers o f  m utations in 
the TWIST1 g en e  in an Australian cohort o f  13 
fam ilies w h ere th e  d iagnosis o f  SC S had b een  
confirm ed by m utation  testing . T h e  1'WISTl 
m utations dem onstrated  included  m issen se , non­
sense, in sertion /d eletion s, and chrom osom al d is­
ruptions to the g en e , providing ev id en ce  that 
breast cancer is not associated  w ith loss o f  func­
tion 1WIST1 m utations becau se  o f  a num ber o f  
different m echanism s. G iven  the size  and the rel­
atively young age o f  our sam ple o f  49 SC S- 
affected  w om en , w e cou ld  con fid en tly  exc lu d e  a 
SIR higher than 10.8. T h e  previous study o f  Sah- 
lin et al. (2007) observed  a SIR  for breast cancer 
in w om en  w ith  SGS to be 16.8 (95% C l 1.5-32.1). 
Based on their reported 15 observed  cases and
0.89 ex p ec ted  cases, th e  exact P oisson  95% confi­
dence interval is 9 .4-27.8 . T h erefore , the inci­
dence o f  breast cancer in m utation carriers in our 
study was sign ificantly  low er than that observed  
by Sahlin e t al. (P = 0.014). W e b e liev e  that an 
increase in breast cancer risk o f  the o f  the m agni­
tude reported by Sahlin e t al. should have b een  
apparent clin ica lly  g iven  the num ber o f  fam ilies  
affected by SC S w hich have b een  seen  through  
genetic  and craniofacial clin ics. T h e  present 
study supports the clinical im pression  that breast 
cancer risk is not e leva ted  in w om en  w ith SCS  
secondary to 1'WISTI m utations.
In vitro stu d ies also support op posing m o lecu ­
lar roles for 1WIST1 in craniofacial d eve lop m en t  
and breast cancer. In contradistinction  to SCS, 
w here ’1'WISTI hap lo insu ffic iency  affects craniofa­
cial d eve lop m en t, 1'WISTI over-expression  is 
associated w ith  breast cancer (F irulli e t al., 2005). 
Yang e t al. (2004) found that 1'WISTI was 
strongly over-exp ressed  in a m ouse m am m ary tu­
mor cells but not in normal m am m ary ep ith elium . 
K nocking-dow n the exp ression  o f  1'WISTI inhib­
ited the proliferation and m etastatic potentia l o f  
the tum or cells. S u b seq u en tly , 1'WISTI over­
expression  has b een  im plicated  in the progression  
and spread o f  breast cancer. IWIST1  expression  
is also up-regulated in response to hypoxia-induc- 
ible factors (G ort e t  ah, 2008) and prom otes tu ­
mor an giogenesis (M ironchik et ah, 2005). 
Su b sequently , TWIST1 over-expression  has b een  
associated w ith the potential for invasive and 
m etastatic d isease in a num ber o f d ifferent can­
cers, including breast cancer. In addition, 
increased 1'WISTI expression  has b een  associated  
with dow n-regulation o f  two w ell know n tum or 
suppressor genes; I'P53, w hich is m utated  in the  
germ line o f  a significant num ber o f  patients w ith  
Li Fraum eni syndrom e (Stasinopoulos et ah,
2005), and F -cadherin, germ line m utations in 
w hich are associated w ith both d iffu se gastric 
cancer and lobular breast cancer (V esuna et ah, 
2008). T W IS T 1 has also b een  show n recently to 
interact w ith  the T P 5 3  D N A  b inding dom ain and 
to inhib it its function  (Shiota e t ah, 2008).
D esp ite  th ese  in vitro findings, there are only  
two previous reports o f  m alignancy associated  
w ith a IWIST1  m utation in SCS. In the first case, 
a nasopharyngeal carcinom a was reported in a 32 
years old w ith SCS (M cK een  e t ah, 1984). H ow ­
ever, in this case three sib lings w ho w ere not 
affected  by SC S w ere also diagnosed  w ith cancer  
(hem atological m alignancies and testicular cancer) 
w h ile  a parent and 2 further sib lings w ith SC S  
rem ained healthy. 'The secon d  report involved  a 
sing le  individual w ith  SC S w ith a diagnosis o f  
renal cell carcinom a at age 5 years (Seifert et ah,
2006). Interestingly, two germ line TWIST1 m uta­
tions w ere found on the sam e a lle le  and the nor­
mal a lle le  was apparently preserved in the tumor 
tissue. F inally, other com p onents o f the IWIS'Tl 
effector pathw ay in clud e the FGFR2 and FGFR3 
gen es, both o f  w hich have b een  im plicated in 
cancer developm ent: FGFR3 as a bladder cancer 
suppressor g en e  and FGFR2 in g en om e-w id e  
association stud ies o f  breast cancer su scep tib ility  
(E aston et ah, 2007; L am y et ah, 2006).
T h e  num ber o f  m u ltip lex  SC S fam ilies w ith  
confirm ed TWIST1 m utations ascertained through  
the SE A L S craniofacial diagnostic testing  pro­
gram provided an opportunity to address these  
conflicting strands o f  ev id en ce  on the role o f 
T W 1ST 1 m utations in cancer by determ in ing an 
accurate in cidence ratio for breast cancer in this 
m olecularly characterized Australian cohort.
It is not im m ediately  clear w'hy the Scandina­
vian and Australian cohorts o f  patients w ith SC S  
should display such m arkedly d ifferent breast 
cancer risks. It is possib le that cases o f  breast
Cenes, Chromosomes & Cancer DOI 10.1002/gcc
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cancer in our fam ilies w ere unknow n to the pro­
bands w ho provided the fam ily history. H ow ever, 
previous stu d ies have show n recalled breast can­
cer fam ily history to be, on average, 90% accurate 
(T h eis  et ah, 1994). In addition in the largest 
fam ilies in our cohort, the fam ily history was 
ascertained in d ep en d en tly  through m ore than one  
individual (through three separate individuals for 
the largest fam ily conta in ing  28 affected  ind ividu­
als) w ith no in con sisten c ies reported. It is possi­
ble that som e cases in the Scandinavian cohort 
could have an underlying m utation in a cranio- 
synostosis g en e  other than IW IST1  and it is this 
gen e that is associated  w ith an increased cancer 
risk. H ow ever, this exp lanation  w ould  be likely  
to account for on ly  a sm all num ber o f  the excess  
cases and the on e fam ily in the report by Sahlin  
et al. that had a proven 7 WAV77 m utation con ­
tributed four o f  the reported breast cancers. T h e  
authors did not report any investigations in their 
fam ilies for the know n g en etic  causes o f  breast 
cancer, such  as m utations in BRCA1 and BRCA2, 
and it appears m ost lik e ly  that the d ifferen ce  in 
reported in cid en ces is du e to d ifferences in the  
distribution o f  the h eterogen eou s causes o f  a 
genetic  pred isposition  to breast cancer or sporadic 
cases con fou n d in g  the analysis.
T h e  princip le o b jective  o f  this study was to 
address the issue o f  w h eth er  w om en  with  
TWIST1 m utation confirm ed SC S should receive  
specific ad vice on their breast cancer risk and be 
offered any additional form o f  screening. Som e  
w om en involved  in the study w ere already aware 
o f the possib ility  o f  an increase risk. At least one  
Australian public health  w eb site  ded icated  to in­
form ation about breast cancer and the O M IM  
entry 101400 have included  inform ation on an 
additional risk associated  w ith SC S. Our study  
has not confirm ed this additional risk and the in­
formation has b een  ab le to prevent unnecessary  
distress and as w ell as any additional investiga­
tions in the SC S fam ilies w ith in  our cohort. W e, 
therefore, recom m end  that there is no indication  
to screen  for breast or other cancers in p eop le  
with SC S u n less additional standard clin ical in d i­
cations are present, or other large cohorts w ith  
m olecularly confirm ed SC S w ith an e levated  risk 
o f breast cancer are reported.
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CHAPTER TWO
INTRODUCTION
Cleft lip and palate is the commonest of the craniofacial anomalies and 
is ubiquitous w ith an incidence of up to 1:600 live births reported1. The 
more extensive facial clefts which affect the midface and the cranial 
vault as originally described by Tessier are much rarer. Curiously, unlike 
other congenital craniofacial anomalies there is an uneven geographical 
distribution of those w ith extensive midline facial clefts w ith these 
occurring more commonly in SE Asia and the Pacific basin than in 
European and American populations. The reason for this remains 
uncertain w ith genetic and nutritional factors cited as possible causative 
factors2. However, some Tessier clefts are part of syndromes of which 
Treacher-Collins syndrome is best known, where the anomaly is known 
to result from an underlying genetic mutation of the “ treacle gene” on 
chromosome 53.
So this group of clefting conditions the factors controlling the 
underlying disease processes and the variable expression requires 
elucidation. The management of non-syndromic cleft lip and palate is 
now by protocol management in major centres but for the rarer facial 
clefts it is often determined on the basis of a few cases and small 
series, w ith outcomes at skeletal maturity rarely considered.
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1. Vandereras AP (1987) Incidence of Cleft lip, Cleft Palate and Cleft 
lip and palate amoung races.
Cleft Palate Craniofacial Journal 24 : 216 -  225.
2. Bradley JP, Hurwitz DJ, Carstens M (2006) Embryology, 
Classifications, and descriptions of Craniofacial Clefts. In: Plastic 
Surgery 2nd Edition (ed. Mathes SJ), Vol 4, p15 -4 3 ,  Saunders 
Elsevier, Philadelphia.
3. Dixon J, Jones NC, Sendell LL et al. (2006). Tcofl/Treacle is 
required for neural cell crest formation and proliferation deficiencies 
that cause craniofacial anomalies.
Proceedings of the National Acadamy of Sciences of the United 
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CHAPTER TWO - PAPERS
The papers in this chapter review investigations of both cleft lip and 
palate and Tessier facial clefts. The non syndromic cleft lip and palate 
papers are presented first.
The first paper investigates the multiple underlying genetic factors 
which are thought to be involved in cleft lip and palate. Multiple genes 
and epigenetic factors are thought to be involved in the production of 
non-syndromic cleft lip and palate. It has also been established that 
dental anomalies are common in cleft lip and palate patients. This study 
investigates the dentition of phenotypically normal parents (ie no 
clefting present), of children with clefts of the primary palate to identify 
if there are dental anomalies. The study investigated whether these 
could act as a marker for risk in producing an offspring with a cleft. The 
study failed to identify any association but it suffered from the 
weakness in that it was a small study, which with retrospective review 
may not have been powerful enough to answer the study question 
adequately.
The second paper was a study to investigate the incidence of middle 
ear disease in children with a submucous cleft palate. Although the 
palatal mucosa is intact, the levator and tensor muscles are incorrectly 
orientated, which may impact on eustachian tube function and 
predispose to the development of middle ear disease. This is a group of
84
children often experience difficulty in their diagnosis being made by 
clinicians at an early age allowing appropriate management and timely 
interventions. Those presenting late may have irreversible deafness, 
even amoung those living in western metropolitan cities. The outcome 
of this study found that the incidence of middle ear disease was similar 
to children w ith unilateral cleft lip and palate, with over 90% requiring 
ventilation tubes as part of management. This finding has important 
implications for management of children with submucous cleft palate.
The third paper is a case report which describes a late complication of 
arterio-venous shunting following Orthognathic surgery in a patient with 
midface hypoplasia associated with cleft palate. The incidence of such 
complications in the cleft population was reviewed and the subsequent 
management w ith the use of interventional radiology is described.
The fourth paper is a radiological study describing the spinal anomalies 
in Goldenhar syndrome. Although previously spinal anomalies of the 
cervical spine had been well described -  they can be seen on 
cephalograms which w ill be regularly ordered by treating Orthodontists, 
this study reviewed the whole length of the spinal column and found 
there were a significant incidence of anomalies in the thoracic and 
lumbar spine as well as in the cervical region. The implications of these 
anomalies for clinical management are described.
The fifth  paper is a case report in which a description of changes in 
the operative surgical technique which result due to the different
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anatomy which occurs in the mandible in those who have undergone 
costochondral graft reconstruction of the mandiblar condyle and ramus 
for hemifacial microsomia.
The sixth paper a detailed study investigating the clinical features 
which can occur in one of the commonest syndromic forms of cleft lip 
and palate, Van der Woude syndrome. Unlike most forms of cleft lip and 
palate this is known to result from the mutation of a single gene. 
Surprisingly, in studying affected families a full range of cleft conditions 
were found from bilateral cleft lip and palate to submucous cleft palate. 
This highlights the critical role that other genes and epigenetic factors 
may have as a full spectrum of cleft lip and palate phenotypes can arise 
from a common single genotype.
The seventh paper is a review of a complex syndrome (Opitz G BBB 
syndrome) w ith both cleft lip and palate and craniosynostosis. This is a 
relatively rare condition due to anomalies in the Hox genes controlling 
midline development of the body. Previously there have been mainly 
case reports, whereas this study reviewed the phentotypes (along with 
management) of a group of patients. The paper highlighted some of the 
anatomical variants which impact on surgical technique. Some cases in 
the series had reached skeletal maturity allowing a limited long term 
review of outcomes.
The eighth and ninth papers are the first published multidisciplinary 
review of outcomes at skeletal maturity in children with isolated cleft
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palate and bilateral cleft lip and palate respectively, who had been 
managed by protocol and operated by a single surgeon. These not only 
considered the aesthetic outcomes, but considered orthodontic 
(growth), otolaryngological (hearing) and speech. These papers have 
encouraged other cleft surgeons to measure and report their own results 
in a similar manner. They have raised awareness among surgeons and 
promoted a cultural change and attitude in that outcomes should be 
assessed at skeletal maturity rather than a few years after a surgical 
intervention.
The tenth paper is a longterm outcome study of the first reported case 
of Treacher Collins syndrome who underwent mandibular distraction to 
allow removal of his tracheostomy at five years of age. This paper 
highlighted that the benefit in airway improvement was only temporary 
and although the tracheostomy wasn’ t re-opened, the dysmorphic 
facial growth pattern supervined requiring the respiratory physicians to 
prescribe CPAP at night to maintain adequate oxygenation. The other 
important finding was that mandibular distraction in childhood didn’ t 
avoid the need for bimaxillary orthognathic surgery at skeletal maturity. 
This study helps define the role for distraction osteogenesis as part of 
protocol management of Treacher-Collins syndrome.
The eleventh paper is the largest published long term outcome study 
of Treacher Collins syndrome patients who have been managed by a 
treatment protocol. This review has been used by the International
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Society of Craniofacial Surgeons as the basis of its “ benchmarking” of 
International standards of care of this condition.
The twelth and final paper in this chapter is a longterm review, at 
skeletal maturity of cleft patients who required revisional surgery after 
undergoing pharyngoplasty during childhood. It demonstrated that in 
some children it may become redundant and require taking down, while 
in others it may require repositioning for optimal functioning as a result 
of differential growth of the pharynx. It highlights the need for long 
term follow up in all children who undergo a pharyngoplasty procedure.
In summary these papers extend the knowledge of the clinical features 
of children w ith clefts of the facial skeleton, promotes protocol 
management and reviews long term outcomes.
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Dental Findings in Parents of Children with Cleft Lip and Palate
P e t e r  J. A n d e r s o n , F.D.S.R.C.S.(Edin), F.R.C.S. 
A n t h o n y  L.H. M o s s , F.R.A.C.S.(Plast)
The incidence of dental abnormalities in the cleft lip and palate population has 
been reported to be much higher than in the normal population.The role of genes 
in the production of a cleft lip and palate, and dental anomalies is thought to be 
complex, with autosomal dominant, recessive, and x-linked genes ail playing a 
role. Noncleft parents can carry som e of the cleft lip and palate genes, which 
produce clinically subtle manifestations in their facial skeleton. The purpose of 
this study w as to look for evidence of increased dental anomalies in the non­
cleft parents of cleft lip and palate children. The dentitions of the parents of 60 
children with different types of cleft lip and palate were examined prospectively 
to see whether or not they exhibited features found more readily in the cleft lip 
and palate rather than did the normal population. Their dentitions were studied 
to record the following dental features: congenitally m issing teeth, supernu­
merary teeth, or morphologic changes of the crowns of the permanent teeth.The 
number and position of any frenal attachments were also recorded. The results 
of this study did not show any differences in incidence of dental anomalies from 
the noncleft population. There was no evidence to support the hypothesis that 
congenital absence of lateral incisors is a microform of cleft lip and palate.
Further, these results also failed to reveal any consistent pattern in the number 
and position of frenal attachments.
KEY WORDS: dental anomalies, dental morphology, microform cleft
There are many different mechanism s that result in the clini­
cal manifestation o f  cleft lip and palate: som e are caused by 
single mutant genes, som e are due to chromosomal aberrations, 
and some are caused by specific environm ental agents. It is 
probable that the great majority are caused by the interaction 
of genetic and enviromental factors, each with a relatively small 
effect. A  wide range o f visceral and skeletal anomalies are found 
in association with cleft lip and palate em bryos, and the inci­
dence o f these is higher than in noncleft embryos. The action 
of the clefting genes produces an underlying disturbance in a 
number o f body tissues including the dental lamina (Johnson, 
1967). This is thought to be the result o f  malfunction o f  the 
neural crest cells (Sharma and Kharbanda, 1991). Som e o f  the 
genes involved in the production o f  a cleft lip and palate are 
carried by asym ptomatic parents. Indeed, it has been sug­
gested that a substantial genetic com ponent may be present 
in at least one parent (Ward et al., 1989).
There is mounting evidence to suggest that there are differ­
ences in the facial skeleton o f  the parents o f  all types o f  cleft 
lip and palate patients compared with the rest o f  the noncleft
Dr. P. J. Anderson is Fellow in Craniofacial Surgery, Great Ormond Street 
Hospital, London, UK. Dr. Moss is Consultant in Plastic and Reconstructive 
Surgery, Queen M ary’s University Hospital, Roehampton, London, U.K. 
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Reprint requests: Dr. P.J. Anderson, Department of Craniofacial Surgery, 
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population. These differences have been explained as the 
result o f  action o f som e o f  the genes that are important in pro­
ducing clefting in their offspring (Coccaro et al., 1972; Kirusu 
et al., 1974; Nakasima and Ichenose, 1983; Raghaven et al., 
1994).
It is w ell established that the dentitions o f  those with cleft 
lip and palate differs from that found in the noncleft popula­
tion (Bohn, 1963; D elude and Payette, 1991a). These differ­
ences include a higher incidence o f  congenitally m issing teeth 
(Olin, 1964; Ranta, 1983). These have been reported as occur­
ring in 24% o f cleft lip and palate cases (Olin, 1964). The tooth 
m ost com m only m issing in the cleft population is the second  
maxillary premolar, but all o f  the other premolars and the upper 
lateral incisors are affected in the permanent dentition. A  
higher incidence o f  supemumery teeth (M illhon and Stafne, 
1941) and alterations in the dental m orphology have also  
been reported (Bohn, 1963). At least 15 dental m orphologic 
abnormalities have been reported as occurring at a higher 
incidence than in the normal population (Kraus et al., 1966; 
Jordan et al., 1966). These include differences in both the pri­
mary and secondary dentitions, but only those affecting the 
permanent dentition in adulthood w ill be considered in this 
paper. These morphologic variations include further variations 
o f the permanent lateral incisor, which may be T shaped or have 
a palatal cusp. Other anomalies include an absent cusp or altered 
cusp patterns on the maxillary first permanent molar, the 
mandibular first premolar, and mandibular second premo­
lar,and the addition o f  paralabial tubercules on the central 
incisor and the canine.
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The hypothesis that the possession  o f  som e o f  the cleft 
genes by a noncleft parent may result in clinical m anifesta­
tion within the dentition is supported by the observation that 
parents o f  several cleft lip children exhibit congenital absence 
of the permanent upper lateral incisors (Lucas, 1882). This led 
to the suggestion that the absence o f  an upper lateral incisor 
may represent a microform o f  cleft lip and palate. A  previous 
study into the dentition o f  the parents o f  those with cleft lip 
and palate limited the investigation to whether or not a single 
tooth, the upper lateral incisor, was present, absent, or exhib­
ited only one m orphologic abnormality, nam ely “peg” shape 
(W oolf et al., 1965).
To establish the incidence o f  dental anomalies in the asymp­
tomatic parents o f  those with cleft lip and palate, a prospec­
tive study w as undertaken . B oth  parents co m p le ted  a 
questionnaire to elucidate a detailed dental history, after which 
a mirror-and-probe dental examination was performed.
M e t h o d
Asym ptom atic parents o f  successive  cleft lip and palate 
patients who were admitted to the plastic surgery wards over 
an 8-month period were asked to participate in the study. 
Although none refused, 10 patients had to be excluded from  
the study because examination o f  both natural parents proved 
to be im possible. Another case was excluded because the 
father possessed  a cleft lip. A ssessm ent o f  the natural dental 
morphology o f  all parents was possible.
Parents completed a questionnaire to ascertain both the family 
history o f  cleft Up and palate and their ow n dental history, par­
ticularly regarding any additional, m issing, or extracted teeth. 
We anticipated that this w ould reveal whether or not any 
supemumery teeth (including m esiodens) had been extracted. 
The questionnaire was also used to establish the original mor­
phology o f  the permanent teeth prior to their undergoing any 
restorative procedures and extractions. Patient questionnaires 
were used to elucidate dental histories, because many parents 
had attended for dental care infrequently in the past and had 
often presented to several practitioners. Successful retrieval 
of meaningful records from a large number o f  dentists was not 
possible. Dental examination using a mirror and probe was per­
formed by a single observer (P.A.). The number, position, and 
morphology o f  all teeth, and also the position and number o f  
frenal attachments were recorded.
The parent population was divided into three groups depend­
ing on whether their child had a cleft lip only, a cleft palate 
only, or both cleft lip and palate.
R e s u l t s
The parents o f  60 patients were included in the study. These 
were divided into the fo llow ing  groups according to their 
child’s condition: cleft lip only (19), cleft palate only (14), and 
cleft lip and palate (27). The age o f  the patients ranged from  
2 days to 15 years, with a median age o f  7 months. The sex  
ratio o f  the children w as 41:19 (m:f). The age o f  the parents
ranged from 17 years to 48 years, with a median o f  23 years. 
Four o f the parents reported having other fam ily members 
affected with cleft lip and palate. The dental histories were 
m ostly unremarkable, with only one parent w ho claim ed to 
have had two supernumerary incisors rem oved as a child. 
(Whether these represented supplemental lateral incisors or 
m esiodens was im possible to ascertain as the patient had 
changed dental practitioner and previous records had been lost.)
Dental examination o f  the parents revealed that (apart from  
w isdom  teeth) only 36 teeth were m issing or extensively  
restored, so it was im possible to determine the natural dental 
morphology. These m issing teeth were nearly all first molars 
or first premolars; a history o f  extraction as part o f  orthodontic 
treatment or for caries was obtained for 31 extracted teeth. Four 
teeth had crowns (three upper central incisors and one lower 
second premolar). One upper second premolar was absent in 
one parent [1/120 (0.9% )]. This occured in a mother o f  a uni­
lateral cleft lip child, and as there was no history o f  extrac­
tion and, as it was also absent on a dental radiograph, it was 
presumed to be m issing congenitally.
Careful examination o f  the dental m orphology o f  the upper 
lateral incisors revealed one parent to have bilateral “peg” teeth. 
A ll other upper lateral incisors were judged to be within the 
normal range, and specifically, no cases o f  a palatal cusp or 
a “T” palatal ridge could be found despite careful search. 
There was no case o f  the reported cusp abnormalities affect­
ing the maxillary molars, or mandibular first or second pre­
molars. N o paralabial tubercule was identified on any tooth 
in this population.
Examination o f  the position and number o f  the frenal attach­
ments revealed that all parents had at least one frenulum and 
that this was universally present between the upper central 
incisors. However, seven parents had two frenula and one had 
three. The positions o f  these additional ffenal attachments was 
inconsistent, with mothers and fathers o f  all groups affected.
D is c u s s io n
This population studied is thought to be representative o f dif­
ferent types o f  cleft lip and palate in the U .K. population. A ll 
• cases where the affected child had a cleft lip and palate as part 
o f a syndrome associated with other anomalies were excluded, 
as it has been shown that those with syndrom es can have a 
higher incidence o f  dental anomalies (D elude and Payette, 
1991b; Baccetti, 1993). The parents used in this study had their 
natural permanent dentition intact or at a level o f  restoration 
that did not obliterate the natural morphology. However, the 
young age o f  the cleft offspring precluded an examination o f  
their permanent dentitions to compare with their parents.
The results o f  this study were that only a single tooth was 
found to be congenitally missing, and no supernumerary teeth 
were present. This supports the v iew  that the number o f  teeth 
in the parents o f  all types o f cleft lip and palate are the same 
as the noncleft population. However, differences in the inci­
dence o f dental anomalies has been reported betw een those 
with cleft palate and those with both unilateral and bilateral
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MIDDLE EAR DISEASE IN CHILDREN WITH SUBMUCOUS 
CLEFT PALATE
P.J. ANDERSON, D.M. MATISON and D.J. DAVID
Adelaide,
South A ustralia
Objectives: The incidence of otitis media with effusion (OME) in those with submucous cleft palate (SMCP) is currently unclear 
with few published studies worldwide. We wished to establish the incidence in an Australian population.
Method: Twenty cases of SMCP who had reached the age of twelve years underwent case note review to establish the incidence of 
middle ear disease of sufficient severity to warrant surgical intervention.
Results: i2/15 cases who had their cleft diagnosed by five years of age required at least one surgical intervention, while none of the 
five cases presenting after twelve years of age required intervention.
Conclusion: OME would appear to be very common in young children with SMCP and we recommend that all children with this
diagnosis undergo regular specialist Otolaryngological assessment. 
Key words: Submucous cleft palate, Otitis Media
Introduction
Submucous cleft palate is a  cleft o f  the palate w here the 
palate appears at first glance to be intact, but the underlying- 
velar m uscles are abnorm ally  orien tated  (F igure 1). 
Specifically, the levator m uscles are inserted into the back of 
the hard palate rather than m eeting each other in the middle 
to form a sling. The term  sm cp w as coined in 19101 and the 
condition is characterised by bifid uvula, notching o f the 
hard palate and w ith lucency in the m idline o f the soft 
palate, also know n as Calnan's triad2. B ecause it m ay appear 
that the soft palate is intact, the diagnosis m ay be delayed, 
and occasionally, m ay not be established until adulthood.
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FIG. 1. The appearance of a submucous cleft palate demonstrating 
the obvious bifid uvula in this case.
In a com plete isolated cleft palate the risk o f  O M E  is 
now  w ell established since the initial reports3, as are the 
benefits o f  m anagem ent w ith ventilation tubes4. H ow ever, 
there are currently few  published studies relating O M E  in 
those w ith SM CP. T his retrospective study attem pts to 
clarify the relationship betw een O M E  and SM CP, although 
this is lim ited by the sm all num ber o f  cases.
Method
The departm ental database w as used to identify cases 
w here all the inform ation w as available fo r study. T he case 




Tw enty cases w ere identified from  the departm ental 
database. Fifteen cases w ere identified w ho presented for
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management of their cleft before ten years of age and five 
cases were older than this at the time of presentation. 
Eleven were males and nine were females.
In the younger group 12/15 had recurrent m iddle ear 
disease requiring the insertion o f  ventilating tubes on at 
least one occasion (see T able  1). O f these, four cases 
eventually required long-term  ventilation w ith T-tubes. 
Two cases required  tym panoplasty .
Table 1.
Number of O perations for G rom m et Insertion in SM C P Patients
No o f Operations
(Range 0 - 4 )  0 1 2 3 4
No o f Cases
(Total = 15) 3 5 3 3 1
However, of those five cases presenting at an older age 
i.e over ten years of age, none required ventilation tubes.
Discussion
SMCP is a thought to  be rare, but because o f  the difficulty 
in making a diagnosis, it is certainly under reported. This is 
even m ore d ifficu lt in the occult form  w here the classical 
triad o f clinical features are absen t bu t the m uscle insertion 
is abnorm al5. In one screen o f  10 000 children an incidence 
of 1:1,200 o f  SM C P has been reported6, w hile the 
incidence o f  occu lt fo rm  is unknow n. T he exten t o f  O M E  
within the SM C P group rem ains unclear and it has been 
stated that it aw aits evaluation  w ith  a p rospective study7. 
However, the recognition  that O M E  can occur is well 
understood w ith palatal m uscle m alform ation resulting in 
velar insufficiency and the resulting  in E ustachian tube 
malfunction com bin ing  to produce otitis m edia and 
conductive hearing  loss in  the norm al and cleft palate 
populations8-9. T he significance o f  O M E  is that recurrent 
infection has been  used  as one indication  fo r repair o f  the 
submucous c le ft10.
The findings o f  this study w ith its younger presenting 
age group o f  12/15 cases (87% ) requiring surgery on at 
least one occasion, suggests that O M E  is in fact com m on 
among SM C P cases. T he absence in the older presenting 
cases could be due either to them  having a m ilder cleft 
(occult form ) or O M E  at a  younger age. H ow ever, the sm all 
numbers in this study only allow  speculation on this point.
These results w hen com pared w ith previous studies o f 
SM C P w hich have found ear problem s (not specifically 
defined) in 55% 6, and m iddle ear disease in 32%  (16/47 
cases)11, suggest that the incidence in A ustralia is h igher 
than the current literature suggests. W hat is particularly  
notable from  our results is that alm ost h a lf the children 
(7/15 cases) in the younger group required surgery on two 
or m ore occasions and in addition four cases required T- 
tube insertion for chronic difficulties, suggesting that the 
m iddle ear disease can be persistent.
In conclusion w e have show n that the incidence o f  O M E 
in SM C P in an A ustralian population is h igher than 
previous studies and that w hen it occurs, the problem  can 
be significant for m any cases. These results h ighlight the 
need for regular O tolaryngological assessm ent o f children 
w ith SM CP.
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Traumatic Arteriovenous Malformation Following Maxillary 
Le Fort I Osteotomy
Î.M. Smith, F.R.C.S., P.J. Anderson, M.D., M.J. Wilks, F.R.A.N.Z.C.R., D.J. David, M.D.
Objective: Complications following maxillary Le Fort I osteotomy are rare. 
The authors present the rare complication of an arteriovenous malformation 
following such a procedure in a 25-year-old woman with a cleft lip and palate 
that was treated successfully with radiologically guided embolization.
KEY WORDS: arteriovenous malformation, embolization, maxillary osteotomy
The Le Fort I maxillary osteotomy is a commonly under­
taken procedure for the correction o f dentofacial discrepancies. 
This is particularly so in those patients with a cleft lip and 
palate in whom there may be an associated retrusive or hy­
poplastic maxilla. Orthognathic surgery for patients with cleft 
lip and palate varies in different centers, but it has previously 
been reported that up to 32% o f patients with unilateral cleft 
lip and palate w ill require either a maxillary osteotomy or bi­
maxillary surgery (Schnitt et a l, 2004). Complications follow­
ing Le Fort I maxillary osteotomy are rare. The most common 
complications are hemorrhage, infection, ischemia, temporo­
mandibular joint problems, and relapse. We present an excep­
tionally rare complication of traumatic arteriovenous malfor­
mation following Le Fort I osteotomy and its subsequent man­
agement.
C a s e  R e p o r t
A 25-year-old woman with cleft lip and palate underwent 
an advancement Le Fort I maxillary osteotomy and sagittal 
split mandibular set back osteotomy. Figure 1 shows the pre­
operative lateral cephalogram. The maxillary osteotomy was 
carried out uneventfully. There was no unusual hemorrhage at 
the time o f pterygomaxillary dysjunction, and the maxilla was 
advanced 8 mm without difficulty. At the completion of sur­
gery, the patient was transferred to the ward, where she made 
a good recovery prior to discharge from the hospital 2 days 
later.
The patient was followed up regularly in the outpatient de­
partment. She was asymptomatic until 3 months after her sur-
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gery, when she complained o f a left-sided pulsatile tinnitus. 
She was therefore referred to an otolaryngologist, who sched­
uled a computed tomography scan. This demonstrated a large, 
convoluted niche o f abnormal vessels within the left infratem­
poral fossa involving the left pterygoid muscle. The mass of 
vessels measured approximately 20 mm in diameter and con­
sisted o f multiple distended veins with increased caliber of the 
adjacent erector spinae, posterior neck veins, and the left jug­
ular vein. The arteriovenous malformation arose from the in­
ternal maxillary artery and was situated in the left infratem­
poral fossa and pterygopalatine region. There was demonstra­
ble shunting o f blood with distension o f the venous structures 
in the neck.
She was referred to an interventional radiologist and sub­
sequently underwent embolization of the arteriovenous mal­
formation under radiological guidance. A left carotid angiog­
raphy demonstrated a large (approximately 2 to 3 cm in di­
ameter) fistula arising from the internal maxillary artery com­
municating with the pterygoid venous plexus (Figs. 2 and 3).
The in-flowing vessel was localized with a 5 French guiding 
catheter, and several small platinum coils were placed to oc­
clude the vessel. Angiography at the end of the procedure 
showed complete occlusion of the fistula (Figs. 4 and 5).
FIGURE 1 Preoperative lateral cephalogram.
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FIGURE 2 Left carotid angiogram, lateral view.
Postoperatively, the patient had an immediate and complete 
resolution o f her symptoms. Similarly, at 6 months, she re­
mains asymptomatic.
D i s c u s s i o n
The Le Fort I osteotomy is associated with both minor and 
major complications. Kramer et al. (2004) analyzed the oc­
currence of complications following such surgery according to 
the presence o f anatomical irregularities (e.g., in patients with 
cleft lip and palate, craniofacial dysplasias, or vascular mal­
formations). They reported an overall complication rate of 
6.4% in all patients following Le Fort I osteotomy. However, 
this was considerably higher in the group o f patients with an­
atomical irregularities (25.2%) compared with the group with 
no anatomical irregularities (3.9%).
Major complications following Le Fort I osteotomy are for­
tunately very rare, but cases o f arteriovenous fistulae (Alber- 
naz and Tomsick, 1995), brain abscess (Baker et al., 1999), 
and even blindness (Lo et al., 2002) have been reported. Ar­
PIGLRE 3 Left carotid angiogram, posterior-anterior view.
FIGURE 4 Postoperative angiogram, lateral view.
teriovenous fistulae have been known to occur elsewhere in 
head and neck surgery, for example, following rhinoplasty or 
tooth extraction (Albernaz and Tomsick, 1995). They are 
thought to arise as a result o f a laceration o f an artery with 
simultaneous laceration o f a vein. The resulting hematoma is 
then subjected to endothelial proliferation, and endothelial- 
lined channels are formed between the artery and vein (Lani- 
gan et al., 1991). Blood is then shunted directly from the high- 
flow arterial system to the low-pressure venous system, and 
lack of resistance in the fistula leads to preferential flow 
through the fistula. This often results in a bruit or thrill and in 
this case manifested itself as a pulsatile tinnitus because of its 
close proximity to the ear.
The internal maxillary artery is at particular risk because of 
its close relationship to the pterygomaxillary junction in the 
pterygopalatine fossa. During pterygomaxillary separation 
with the osteotome, the pterygoid plate may fracture in an 
unpredictable fashion and even extend to the skull base. This 
atypical fracture pattern may be responsible for the tears in the 
internal maxillary artery and pterygoid veins, which then re­
sults in an arteriovenous fistula.
FIGURE 5 Postoperative angiogram, posterior-anterior view.
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Previously, Rogers et al. (1995) described cases o f posttrau- 
matic aneurysm  of the m axillary artery, one following a Le 
Fort III facial type fracture and the other following a Le Fort 
1 maxillary advancem ent in a patient with a bilateral cleft pal­
ate and extreme m idfacial hypoplasia. Lo et al. (2002) reported
2 cases of blindness follow ing Le Fort I osteotomies on pa­
tients with cleft lip and palate. Patients with cleft lip and pal­
ates often have hypoplastic and retruded maxillae, and in ad­
dition, the palate and pterygoid area may be sclerotic and 
scarred as a result o f previous palatal surgery. This anomalous 
anatomy in this group o f patients may account for the unpre­
dictable fracture pattern in the pterygom axillary region when 
performing the Le Fort I osteotom y and the subsequent dam ­
age to the vessels in that region.
C o n c l u s io n
The com plication o f arteriovenous malform ations is uncom ­
mon following Le Fort I osteotom y, but those with cleft palate 
may be at increased risk. It can be treated effectively with
radiological embolization, which is low risk and associated 
with minimal morbidity.
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Spinal Anomalies in Goldenhar Syndrome
P e te r  J. A n d e rs o n , M.D., F.D .S .R .C .S .(Ed), F .R .C .S .(P la s t)  
David. J. D avid , A.C., M.D., F.R.C.S., F.R.A.C.S.
Objective: G oldenhar syndrom e consists o f the triad o f craniofacial m icro­
som ia, occu la r dermoid cysts, and spinal anomalies. The exact nature o f the 
spina l anom alies remains poorly defined in the existing craniofacial literature, 
poss ib ly  due to these anomalies being managed by orthopedic surgeons rather 
than by cran io facia l surgeons. The aim o f th is  study was to c la rify  the nature 
and extent o f these spinal anomalies.
Method: Review o f case notes o f patients who had the ir d iagnosis confirm ed 
fo llow ing  review by a c lin ica l geneticist and in conjunction w ith radiographs 
(supplem ented by three-dim ensional computed tom ographic [CT] scans where 
available).
Results: Seven patients fu lfilled  the entry criteria and had material available 
fo r  study. A  w ide range o f anomalies was present, includ ing bu tte rfly  verte­
brae; hemivertebrae which produced secondary scoliosis; kyphosis; and rib 
anomalies. Anom alies occurred at all levels w ith in the spine.
Conclusion: The poss ib ility  o f spinal anomalies at all levels o f the spine 
should be considered by those treating cases o f Goldenhar syndrom e, be­
cause these anom alies can not be predicted from  the severity o f the facial 
m alform ation.
KEY WORDS: fusion, Goldenhar, spine
Goldenhar syndrome was first recognized in 1952 (Golden­
har, 1952). The syndrome consists of the triad of (usually uni­
lateral) maldevelopment of the first and second branchial arch­
es, occular dermoids, and vertebral anomalies. All three signs 
have a variable presentation and are considered part of a spec­
trum of auriculo-vertebral anomalies (Figueroa and Friede, 
1985).
The spinal anomalies have been poorly defined, partly due 
to the rarity of the condition, which has led previous research­
ers to include cases of craniofacial microsomia, as well as 
Goldenhar syndrome (Figueroa and Friede, 1985; Gibson et 
al., 1996), or to concentrate just on the cervical spine (Gossain 
et al., 1994). In addition, the clinical management of most 
cases is dominated by specialists whose primary interest is in 
facial reconstruction, so few patients undergo full clinical and 
radiological evaluation o f the spine.
This report outlines an evaluation of these spinal anomalies 
in those patients with Goldenhar syndrome in whom the di­
agnosis of Goldenhar syndrome had been confirmed following 
assessment by a clinical geneticist.
No financial support has been provided to support this study.
Address correspondence to: Dr. Peter J. Anderson, Australian Craniofacial 
Unit, Women’s and Children’s Hospital, 72, King William Street, North Ade­
laide, South Australia SA5006. E-mail haemro2@hotmail.com.
Dr. Anderson is Senior Fellow in Cranio-Maxillofacial Surgery and Dr. Da­
vid is Professor o f Cranio-Maxillofacial Surgery, both o f the Australian Cra­
niofacial Unit, Women’s and Children’s Hospital, North Adelaide, South 
Australia.
Submitted May 2004; Accepted September 2004.
M e t h o d
Patients were identified from the departmental database. 
Case notes were reviewed and only those patients who were 
formally assessed by clinical geneticists and who had their 
diagnoses confirmed were included in the study. Other inclu­
sion criteria included spinal radiographs (which were supple­
mented by computed tomographic [CT] studies, particularly of 
the cervical spine) and chest radiographs.
R e s u l t s
Fifteen cases of Goldenhar syndrome were identified from 
the database. However, only seven cases had full spine radio­
graphs which could be retrieved for study. These consisted of 
two women and five men. These patients had undergone full 
spinal examination AP and lateral on at least one occasion, 
two also had undergone repeat examinations, and two more 
patients had additional AP and lateral cervical spine studies. 
Lateral cephalograms were not used, because it is recognized 
that they may be inadequate to visualize the lower cervical 
spine (Anderson et al., 1997a).
The radiographs displayed congenital anomalies throughout 
the spine (Table 1). The congenital anomalies commonly con­
sisted of butterfly vertebrae, hemivertebrae, supplemental ver­
tebrae, and rib anomalies, which are shown in Table 2 (Figs.
1 through 3).
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FIGURE 1 C ase 1: A P  w h o le  sp ine, age 2  m on th s w ith  an om alies in 
cervical, thoracic, and lu m b a r region s.
D i s c u s s i o n
The combination o f eye, ear, and spinal anomalies was re­
ported by Goldenhar (1952), and subsequently, this combina­
tion of malformations became recognized as an eponymous 
syndrome (Goldenhar, 1952). However, this syndrome repre­
sents just the severe end of the spectrum of all auriculo-ver- 
tebral anomalies (Figueroa and Friede, 1985; Goret-Nicaise et 
al., 1997). Its etiology remains uncertain; many cases are spo­
radic, but familial cases have been identified also (Rollnick 
and Kaye, 1983). More recently, it has been suggested that











1 m 2/12 full spine cerv ical, thoracic, 
lum bar
no
2 m 8 full spine cerv ical, thoracic yes
3 f 14/12, 10 y full spine, c spine cervical, thoracic yes
4 f 3/12, 5 full spine X 2 cerv ical, thoracic yes
5 m 3, 5 full spine X 2 cerv ical, thoracic yes
6 m 10 lu ll spine, c spine cervical, thoracic yes
7 m 12/12 full spine cerv ical, thoracic yes
there is a focal disturbance in chondrogenesis (Goret-Nicaise 
et al., 1997), although it has been postulated that the etiology 
is due to an error in embryological development of ectoderm 
(Lam, 2000). Comprehensive understanding of the embryolog­
ical events that result in the Goldenhar syndrome is hindered 
when the extent o f one of the triad of anomalies (the extent 
of the spinal anomalies) remains unclear in many cases. Al­
though many individuals with spinal anomalies are asymptom­
atic, it has been recorded that these anomalies may become 
clinically significant and may produce spinal instability re­
quiring spinal fusion (Healy et al,, 2002).
The results of this study demonstrate that a range of con­
genital anomalies can occur at all levels o f the spinal column. 
These commonly consist of butterfly vertebrae and hemiver-
FIG U R E  2 C ase 2: A P  sp ine b lock  fusion  C 6/C 7/T 1. N ote also the sco­
liosis.
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TABLE 2 The Types o f Anomalies and Facial Deformity
Case No. Sex Cervical Thoracic Lumbar Ribs SAT Score
1 m B.V. C6* fusion defect T6 H.V. L5, fusion L5/ 
SI, scoliosis
normal S3, A3, T3
2 m block fusion C6/C7/T1, sco­
liosis
B.V. T4, scoliosis normal fusion left 3rd/4th S5, A3, T3
3 f fusion C3/C4, scoliosis, hy­
poplastic odontoid




fusion left lst/2nd S5, A2, T3
4 f assimilation o f atlas to base 
o f skull, fusion C5/C6, 
scoliosis
H.V. T8, scoliosis normal aplasia: 2 left ribs, 1 
right rib
SI, A2, T1
5 m assimilation o f atlas to base 
o f skull, scoliosis
H.V. T4 normal cervical ribs SI, A l,  T1
6 m assimilation o f atlas to base 
o f skull, fusion C3/C4
normal normal hyposplasia: left 1st/ 
2nd, right cervical 
ribs
S5, A3, T3
7 m B.V. C4, scoliosis H.V. T6 normal aplasia: left 12th rib, 
left cervical rib
S2, A l, T1
* B.V. =  b u tte rf ly  v e rteb ra ; H.V. =  hem iv e rteb ra .
tebrae, which both have been reported in Craniosynostosis syn­
dromes also (Anderson et al., 1997a,b). This study also con­
firms previous studies that anomalies in the cervical region 
commonly occur (Darling et al., 1984; Figueroa and Friede, 
1985; Gibson et al., 1996). However, although anomalies of 
the thoracic spine have been noted (Avon and Shively, 1983), 
we have found in our series, where full radiological evaluation 
of the spine has been undertaken, that these anomalies coexist 
with those in the cervical region.
We speculate that our finding probably is due in part to the 
rarity of the Goldenhar syndrome and in part to the fact that 
most cases are managed by clinicians whose main concern is 
the function and cosmetic appearance of the face. (Within our 
own series, only half o f the patients who met the inclusion 
criteria by diagnosis had full spinal radiographs available, 
these cases being largely historical and the patients no longer 
being treated). The significance is that the absence of any 
symptoms and an unremarkable clinical appearance may dis­
guise significant anomalies below the cervical spine. So far, 
none of our patients have required spinal surgery (unlike those 
in a previous report o f Healy et al. 2002), but five of the seven 
cases remain under regular orthopedic review.
FIG URE 3 C ase 7: A P  S pine C 4 butterfly  verteb ra, cervical rib left side.
To investigate whether the severity or site of the spinal 
anomalies could be predicted from the severity of the facial 
anomalies, we compared the severity of facial involvement us­
ing the SAT score, which measures skeletal, soft tissue, and 
auricle deformities (David et al., 1987) with the spinal anom­
alies. The SAT scores for each patient are shown in Table 2. 
A wide range o f severity of facial anomalies is present in these 
cases, and no obvious association could be demonstrated. This 
suggests that clinical assessment of the face is a poor guide 
for predicting the extent or level of spinal anomalies.
In conclusion, we have found a wide range of spinal and 
rib anomalies in cases of Goldenhar syndrome. The anomalies 
occurred with almost equal incidence in the cervical and tho­
racic spine of those who had whole spine assessment. The 
lumbar spine was less commonly affected. Because we could 
find no correlation with the severity of facial deformity, we 
suggest that all clinicians be aware of the possible existence 
of spinal anomalies, which may be in the thoracic region, and 
which may not be readily clinically apparent.
Finally, it is interesting to speculate that because Goldenhar 
syndrome is only part of the spectrum of all auriculo-vertebral 
anomalies, the further study of the spine of all those with au­
riculo-vertebral anomalies, including the less severely affected 
craniofacial microsomia, would help clarify the relationship 
between these conditions.
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Summary Hem ifacial m icrosom ia is the second most common facial clefting condition 
after cleft lip and palate. The deformity affects the skeleton and soft tissues in the 
tem poral region of the affected side, although the degree of involvement is markedly 
variable.
W e describe a modification of surgical technique in a skeletally mature case who had 
previously undergone mandibular reconstruction with a costochondral graft.
©  2003 Published by Elsevier Ltd on behalf o f The British Association of Plastic 
Surgeons. All rights reserved.
Reconstruction of the mandibular ramus and tem­
poromandibular jo int in hemifacial microsomia in 
early childhood using a costochondral graft is well 
established1 and we wish to report a modification in 
technique that was required when an adult patient 
subsequently underwent bi-maxillary surgery.
The patient originally had a Pruzansky grade 3 
mandible on the left side, reconstructed with a 
costochondral graft when aged eight years'which 
had overgrown, it  being well recognised that graft 
growth can be difficult to predict.2 At the age of 16 
years this resulted in a significant deviation of the 
mandible to the nonaffected side and to the 
development of a cross bite. Corrective surgery 
consisted of maxillary centralisation and advance­
ment, with a vertical subsigmoid osteotomy on the 
normal side of the mandible and a modified inverted 
'L ’ on the reconstructed side.3
‘ Corresponding au thor. T e l.: +61-8-8161-7235; fax: +  61-8- 
8161-7080.
E-mail address: haem ro2@ hotmail.com
At the time of surgery the maxillary osteotomy 
and the right mandibular osteotomy proceeded in 
the classical manner. However, the osteotomy on 
the left (reconstructed) side was modified due 
to the significant graft overgrowth, thus not 
disturbing the satisfactory functioning of the 
modified temporomandibular jo int or compromising 
the blood supply to the rib graft. The position of the 
transverse cut of the modified osteotomy could be 
positioned more interiorly because of the absence 
of the inferior alveolar foramen, and this is shown 
on the nylon model (Fig. 1). This was achieved via 
an external approach utilising the old scar from the 
rib graft insertion. The pre-determined occlusal 
position was easily obtained and the mandible was 
fixed using illiac crest bone graft and lag screws. 
The post-operative recovery was uneventful and 
the position has been maintained.
We would recommend that surgeons undertaking 
the management of hemifacial microsomia may 
wish to consider this surgical modification if  faced 
with a similar clinical situation.
S0007-12 2 6 /03 /$  - see fro n t m a tte r < 
reserved.
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Fig. 1 The custom ised nylon model of the patient, with the position of the modified osteotom y marked on 
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Sum m ary  Sentinel node biopsy (SNB) is now widely used for accurate staging of 
patients with clinical stage I or II malignant melanoma. W e describe the use of SNB in 
five patients with in-transit recurrence (stage IIIB) and demonstrate that it provides 
accurate staging of the lymph nodes in this group of patients.
©  2003 The British Association of Plastic Surgeons. Published by Elsevier Ltd. All rights 
reserved.
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Van der Woude syndrome: dentofacial features and 
implications for clinical practice
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ABSTRACT
Background: V an der W oude syndrom e (VWS) is the m ost com m on clefting syndrom e in hum ans. It is characterized by the 
association o f congenital low er lip fistulae w ith cleft lip a n d /o r  cleft palate. VWS individuals have a high prevalence of 
hypodontia. A lthough caused by a single gene m utation , VWS has variable phenotypic expression. This study aim ed to  
describe the range of clinical presen tations in 22 individuals w ith VWS to facilitate its diagnosis.
M ethods: A retrospective study of 22 patien ts w ith  a diagnosis of VWS w as undertaken a t the A ustralian C raniofacial U nit 
(ACFU) in Adelaide. Three extended fam ilies w ith  affected m em bers were included in the study cohort.
Results: T he overall prevalence of lip pits in this study cohort w as 86% . Cleft phenotypes included bilateral cleft lip and 
palate (32% ); unilateral cleft lip and palate (32% ); subm ucous cleft palate (23% ); and isolated cleft hard  and soft palate 
(9%). M issing perm anen t teeth w ere reported  in 86%  of affected individuals.
Conclusions: Subm ucous cleft palate in VWS m ay go undiagnosed if the low er lip pits are no t detected. Associated 
hypodontia and  resu ltan t m alocclusions w ill also require m anagem ent by a dental team .
Keywords: C left, d iagnosis, genetic counselling , h y podon tia , lip pits.
A bbrevia tions a n d  a cronym s:  ACFU = A u stra lian  C raniofacial Unit; CL = cleft lip; CLP = cleft lip and palate; ICP = iso lated  cleft palate; 
1RF6 = in terferon  regu la to ry  fac to r six; M IH  = m olar incisor hypom ineralization ; SM CP = subm ucous cleft palate; VWS = V an der W oude 
syndrome.
(Accepted for publication 27 April 2009.)
IN T R O D U C T IO N
Van der W o u d e  synd rom e (VW S; O M IM  # 1 1 9 3 0 0 ) is 
characterized  by th e  a sso c ia tio n  o f  co ngen ita l low er lip 
fistulae w ith  c left lip a n d /o r  c left p a la te .1 It is inherited  
as an  au to so m a l d o m in a n t c lefting  synd rom e th a t 
shows h igh p en e tran ce  b u t v a riab le  expressiv ity  
am ongst ca rrie rs . T he  ep o n y m o u s ly  n am ed  VW S w as 
first described  by A nne V an  d e r W o u d e  w h o  deta iled  
the assoc ia tion  be tw een  co n g en ita l p its  o f the  low er lips 
and cleft lip an d  p a la te  in  1 9 5 4 .2 She d e te rm in ed  th a t 
the co n d itio n , la te r to  be k n o w n  as V an  der W oude  
syndrom e, w as a co m p lex  in h e rited  by a single gene 
tha t elicited  v a riab le  exp ressiv ity  ran g in g  from  low er 
lip p its w ith  c left lip an d  p a la te  to  no  visible a b n o r­
malities. T he  re p o r te d  incidence o f  V an  d e r W oude  
syndrom e varies in th e  lite ra tu re  from  1 :100  000  to  
1:40 000  b ir th s .3-6 V W S is p resen t in  a p p ro x im a te ly  
2%  o f facial c left p a tien ts  an d  is o ften  re fe rred  to  in the 
literature as the m o s t co m m o n  c lefting  sy n d ro m e .7
VW S has been rep o rted  to  show  n ea r com p lete  
pen e tran ce  an d  equa l gender d is tr ib u tio n .4,7
T he  defining ch arac te ris tics  o f  VW S are  the co n g en ­
ital o ro fac ia l anom alies  w h ich  include d istinctive 
congen ita l low er lip p its .7,8 T hese a re  the  p rinc ipa l 
m an ife sta tio n s o f  VW S and  they  occu r in 8 8 %  o f 
affected  ind iv iduals. In  6 4 %  o f cases they  have been 
rep o rted  to  be th e  only  defect d e tec ted .4 O th e r c a rd in a l 
signs o f VW S include h y p o d o n tia  in  ad d itio n  to  
o ro fac ia l c lefting .4,9
A lm ost all cases o f VW S have sh o w n  linkage to  a 
region a t ch ro m o so m e  Iq 3 2 -p 4 1 , k n o w n  as V W S locus
1. H o w ev er, som e affected  ind iv iduals have instead  
show n  linkage to  a second  ch ro m o so m al locus (VWS 
locus 2), w h ich  is located  a t l p 3 4 .10 M o re  recen tly , a 
gene responsib le  fo r VW S has been identified . A 
m u ta tio n  affecting  th e  gene th a t encodes fo r in te rfe ron  
reg u la to ry  fac to r six  (IRF6), w h ich  is lo ca ted  a t the 
VW S critical reg ion  o f Iq 3 2 - p 4 1 , underlies the m a jo r­
ity  o f VW S cases .10 It is o f g rea t in te res t th a t  a
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monogenic m utation can cause such a w ide range o f  
effects. M odifier loci have also been proposed to  
account for the highly variable expression o f  V W S.11
Diagnosis o f VW S can be m ade clin ically , based on  
the presence o f  congenital lip pits and other orofacial 
anomalies, w hich m ay occur together or exclusively. 
Most o f the developm ental anom alies are congenital 
and hence clinical diagnosis may occur soon  after birth 
for the m ajority o f  cases. There is a varying degree 
of expressivity that m ust be accounted  for w hen  
diagnosing patients. G enetic counselling is also vital 
in the definitive diagnosis and m anagem ent o f  affected  
individuals.
The distribution o f clinical phenotypes o f  VWS 
described in the literature varies greatly and for those 
cases that are not d iagnosed around birth, dentists 
will be on the frontline in diagnosing the condition. 
Therefore, it is im portant that they have som e under­
standing o f  the nature and extent o f  phenotypic  
variation in affected individuals. T he aim  o f  this study 
was to describe the range o f  clin ical presentations in 22  
individuals w ith  VW S w ith a v iew  to  facilitating  
diagnosis o f  the syndrom e.
MATERIALS A N D  M ET H O D S  
Study sample
This was a retrospective study o f  2 2  patients w ith  a 
diagnosis o f V an der W oude syndrom e, undertaken  
at the Australian C raniofacial U nit (ACFU) in the 
Women’s and C hildren’s H osp ita l in A delaide, A us­
tralia. M anagem ent o f  cleft lip and palate children has 
been undertaken for over 30  years at the ACFU. Both  
South A ustralians and patients from  other states have 
been treated by a m ultidisciplinary team  and the 
ACFU has an extensive database o f  VW S patients. 
There were three extended fam ilies w ith affected  
members included in the study cohort. Ethical consent 
(WCH: 209A ) w as obtained to clin ically  exam ine 
these affected individuals, as w ell as evaluate their 
medical case notes.
The frequency o f  VW S am ongst cleft patients at the 
ACFU and in the general Australian population w as  
calculated. T he m ode o f inheritance and penetrance 
rate o f VWS w ere also determ ined. Penetrance rate w as 
determined from  the number o f  VW S patients w ith a 
clinical m anifestation divided by the total numbers o f  
carriers and patients expressing VW S phenotypes. Gene 
carriers w ithout clin ical phenotype were identified from  
pedigree analysis.
Genetics
Some case notes contained reports of genetic counsel­
ling that confirmed the presence of the syndrome in the
52
affected individual or in one o f  their affected fam ily  
members. Genetic testing for the m utation responsible 
for VWS is not yet available in Australia.
Clinical manifestations
Clinical m anifestations were determ ined by m edical 
case-note review and verified against archived clinical 
photographs. Oral exam ination o f  som e patients w as 
carried out by the authors and com pared w ith d ocu­
mented findings. The presence, type and location  o f  lip 
pits were recorded. The presence or absence o f  cleft lip 
a n d /or  cleft palate w as recorded. Inform ation on 
affected fam ily mem bers, w ho could not be contacted  
or were deceased, w as obtained from interview s w ith  
other relatives.
Dental anomalies
The prevalence o f hypodontia an d /or  presence o f  any 
dental m alocclusion w as determ ined by clinical exam ­
ination and review o f relevant radiographs obtained at 
the ACFU.
RESULTS
There was a total o f 2 2  VW S affected patients on the 
ACFU database, including the m em bers o f three 
extended fam ilies. The prevalence o f  VW S am ong facial 
cleft patients w as 1.5%  (10 male and 12 fem ale patients 
w ith VWS am ong a total o f  1482 facial cleft patients on 
the ACFU database). The prevalence o f VW S in the 
general Australian population is estim ated to be 1 in 
70 000. The gender distribution o f  affected individuals 
w as alm ost even (45%  m ale and 55%  fem ale).
There were 19 patients w ith low er lip pits or sinuses. 
O f those, 17 had bilateral sym m etric lip pits. There w as 
one report o f  asym m etry o f  the lip pits w ith one pit 
replaced by a nodule. There w as also one report o f a 
unilateral shallow  lip pit. The overall prevalence o f  lip 
pits as a VW S phenotype in this study cohort w as 86% . 
The lip pits were rem oved in early childhood prior to 
developm ent o f sym ptom s.
Cleft phenotypes displayed in ACFU patients in­
cluded bifid uvula, subm ucous cleft palate, isolated cleft 
palate, incom plete and com plete unilateral or bilateral 
cleft lip and palate (Table 1). Seven patients (32% ) had
Table 1. Cleft phenotypes presenting in ACFU patients
Cleft phenotype No. of type/to ta l (%)
Bilateral cleft lip and palate 7 /2 2  (32)
Unilateral cleft lip and palate 7 /2 2  (32)
Isolated cleft palate 2 /2 2  (9)
Submucous cleft palate 6 /2 2  (27)
Cleft lip 0 /2 2  (0)
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bilateral cleft lip and palate, seven patients (32% ) 
had unilateral cleft lip and palate, five patients (23% ) 
had subm ucous cleft palate, and one m ore patient 
displayed a bifid uvula, w hich  is a m icroform  o f the 
submucous clefting phenotype. T w o  patients (9% ) had 
isolated cleft hard and soft palate. N on e  o f the patients 
had a cleft lip anom aly only.
Other anom alies that occurred in three o f the VWS 
affected individuals included m olar incisor hypom iner- 
alization (M IH ), patent ductus arteriosus, and impaired  
neuropsychological developm ent.
There w ere m any cases o f  hypodontia in this study
cohort. N ineteen  o f  the 2 2  (86% ) VW S affected
individuals had reports o f m issing perm anent teeth. 
The m ost com m on m issing teeth were the perm anent 
maxillary lateral incisors associated  w ith  the respective 
unilateral or bilateral clefting phenotype. Six o f the 19 
patients w h o  w ere reported to have hypodontia had 
missing second prem olars. All four different clefting  
phenotypes -  unilateral cleft lip and palate, bilateral 
cleft lip and palate, isolated cleft palate and sub­
mucous cleft palate -  were found to occur w ith
hypodontia.
Analysis o f  fam ily trees o f  the three extended fam ilies 
with affected m em bers revealed an autosom al dom i­
nant m ode o f  inheritance o f  VW S. VW S fam ily 1 w as 
shown to have an affected m em ber in each generation  
as well as c lose to 100%  penetrance (Fig 1). Family tree 
diagrams o f  the tw o  other extended fam ilies in the 
study population  w ere not included due to inadequate 
information on som e affected individuals.
cf ; Ç I cT
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Fig 1. F a m ily  tree o f  V an  d c r W oudc fa m ily  I. 
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V an der W oude syndrom e has been determ ined to 
display an autosom al dom inant m ode o f inheritance. 
This is reflected in the extended fam ilies w ho had 
m ultiple VW S affected m em bers in each generation, as 
w ell as m ale-to-m ale transm ission. The reported pen­
etrance rate o f VWS ranges from 80%  to 100% . Our 
study population exhibited close to 100%  penetrance, 
w hich agreed w ith the results o f previous VW S 
epidem iological studies.4,7
The prevalence o f  VWS am ong cleft populations has 
been reported in the literature to range from 0.37%  to 
6 % .12 A prevalence o f 1.5%  w as noted am ongst cleft 
patients from  the ACFU. From the results o f  this study, 
the prevalence o f  VWS in the Australian population  can  
be estim ated to be around 1 in 70  000 . This is sim ilar to  
w hat has been previously reported: 1 in 60 00 0  to  
1 in 100 000  live births for C aucasian p opulations.4,7 
Therefore, it is likely that there are approxim ately 300  
individuals affected by VWS living in Australia at the 
present tim e. It is reasonable to suggest that VWS 
individuals in Australia do not have an increased rate o f  
m ortality due to the availability o f adequate health care 
to treat the congenital defects. There w as no discernible 
difference in gender distribution o f affected indivi­
duals, w hich w as consistent w ith the results o f previous 
studies.7,13
Patients in this study exhibited a full range o f  cleft 
phenotypic expression. C left types that were displayed  
included bifid uvula, subm ucous cleft palate, isolated  
cleft palate, and incom plete and com plete unilateral or 
bilateral cleft lip and palate. This highlights the high  
degree o f phenotypic variation in VW S. The cleft-type 
distribution differs am ong different studies (Table 2). 
A ccording to previous studies, approxim ately tw o- 
thirds o f cleft patients have cleft lip and palate, and 
the rem aining one-third have cleft pa late .11 In this 
series, approxim ately 64%  displayed cleft lip and palate 
and approxim ately 36%  had cleft palate only (includ­
ing patients w ith  subm ucous cleft palate only).
In this study, no VWS patients were affected w ith  
cleft lip only (w ithout cleft palate). This finding is 
similar to those o f  previous studies that have reported  
no cases or very lo w  prevalence o f the cleft lip only  
clinical phenotype.5,7,13 H ow ever, a study by Onofre 
et a l}A show ed that over 16%  o f a South American  
VW S sam ple had a cleft lip anom aly.
In this series there w as a high proportion o f VW S 
patients w ho had subm ucous cleft palate. T w enty-seven  
per cent o f the VW S cases had subm ucous cleft palate 
com pared w ith 13% in a study by Shprintzen et al.7 and 
8% in a study by Rintala and R anta.5 All six  cases o f 
subm ucous cleft palate in this study occurred w ith  
bilateral low er lip pits or sinuses. This highlights the 
im portance o f  diagnosis o f VWS from the congenital
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Table 2. Comparison of distribution of cleft phenotypes between this study and other studies












e ta l.  (1980)
CLP 64% 83% 80% 67% 37% 30%
ICP 9% 17% 5% 17% 43% 21%
SMCP 27% 0% 0% 0% 8% 13%
CL 0% 0% 10% 16% 0% 4%
No cleft 0% 0% 5% 0% 13% 34%
Total 22 64 20 133 79 57
Country Australia Taiw an Brazil Brazil Finland USA
CLP = cleft lip and palate; ICP = isolated cleft palate; SMCP = submucous cleft palate; CL = cleft lip.
Fig 2. Affected female with very superficial congenital bilateral lower lip pits that were only detectable on probing. She also had submucous cleft 
palate. This highlights the importance and difficulty o f diagnosis o f VWS from lip pits alone.
lower lip pits or sinuses. Figure 2 shows a VWS based 
on female displaying characteristic bilateral lower lip 
pits. However, she also has a submucous cleft palate. 
The submucous cleft palate could not be diagnosed 
from an extra-oral examination alone and, hence, the 
presence of the lip pits should alert the physician or 
dentist to the possibility of a submucous cleft palate in 
this patient. If lip pits are not detected and VWS is not 
diagnosed, then a submucous cleft palate that may have 
occurred with the lip pits will most likely go undiag­
nosed until later in childhood when the effects of the 
submucous cleft palate become evident (e.g., hearing 
loss).
Submucous cleft palate is clinically characterized by 
Calnan’s triad .15 The triad of intra-oral features are 
bifid uvula, notching of the hard palate and lucency of 
the mucosa at the midline of the palate (Fig 3). 
Although the overlying mucosa of the cleft is intact, 
the underlying muscles have lost their correct attach­
ments and are incorrectly aligned (similar to a cleft 
palate). N ot all these features need to be present to
Fig 3. Affected male with submucous cleft palate. The soft palate cleft 
and bifid uvula are visible in this photograph. Also, note the 
translucent mucosal line along the midline o f the hard palate which 
indicates a submucous cleft o f the hard palate.
diagnose this condition.16 A submucous cleft palate can 
be easily mistaken at birth for a normal palate. Hence, 
dentists must be aware of the characteristic clinical
54 © 2010 Australian Dental Association
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features of this condition as they are often at the 
frontline of its diagnosis.
The main problems associated with submucous cleft 
palate are feeding difficulties at birth, impaired speech 
development, middle ear pathology and facial growth 
problems.15 However, only 10% of cases are symp­
tomatic.17 The feeding problems during infancy often 
occur together with nasal regurgitation.15 Newborn 
infants should be examined intra-orally both visually 
and by palpation with a finger. Any feeding difficulties 
without an obvious cause should alert the physician or 
dentist to the possibility of submucous cleft palate.15
The definitive diagnosis of submucous cleft palate 
may be delayed until speech problems are identified, 
which is reported to be at two and half years of age 
when speech can be assessed accurately.17 Studies have 
shown that hypernasal speech and loss of labial sounds 
as a result of velopharyngeal incompetency are com­
monly associated with submucous cleft palate. Nasality 
is particularly noticeable on high vowels such as e e /i/ 
and o o /u /.18 Submucous cleft palate has also been 
shown to have a high frequency of association with 
middle ear disease (chronic otitis media) and hearing 
loss, which requires surgical intervention and insertion
Characteristic congenital bilateral 
symmetrical lower lip sinuses
Fig 4. Affected female with characteristic bilateral lower lip sinuses. She also has submucous cleft palate.
Congenital bilateral lower lip pits. 
These occurred as distinct 
depressions in the vermillion of the 
lower lip.
Fig 5. Affected female with characteristic bilateral lower lip sinuses and a bilateral cleft lip and palate. 
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of ventilation tubes (ear grom m ets) to  prevent infection  
and damage to  the delicate m iddle ear structures.19
The strong association  betw een hypodontia and VWS 
has been established previously.20 In this study, 60%  o f  
the study cohort were reported to  have m issing perm a­
nent teeth. This percentage m ay w ell have been higher if 
better dental records had been obtained from  VW S 
family 1, but this w as not possible. T w enty-seven per 
cent o f this VW S cohort displayed m issing second  
premolars. T his is slightly higher than the 18%  o f cleft 
lip and palate patients w h o  w ere reported by Shapira 
et al.2i to  have m issing second prem olars. A study by 
Oberoi et al.12 a lso show ed  that congenital absence of  
the m andibular second prem olars w as m ore com m on in
Fig 6. Affected male with bilateral cleft lip and palate and 
characteristic congenital param edian bilateral lower lip pits.
patients w ith  VW S than in m atched cleft controls. 
Interestingly, in this study, the severity o f the clefting  
phenotype did not correspond w ith  the frequency o f  
hypodontia as had been reported by O beroi et al.11 In 
fact, an affected fem ale w ith  bifid uvula had the greatest 
number o f  m issing adult teeth. Bifid uvula is considered  
to be a m icroform  o f clefting, hence the least severe 
clefting phenotype corresponded w ith  the highest 
frequency o f hypodontia. A n affected m ale w ith  a sub­
m ucous cleft o f  the hard palate from  the sam e fam ily  
had the next m ost severe expression o f  hypodontia w ith  
four m issing adult teeth. A ll four affected individuals 
from  this fam ily were reported to have m ultiple teeth  
m issing. This suggests that this fam ily m ay have an 
additional genetic predisposition to hypodontia.
The occurrence o f hypodontia in cleft patients m ay  
be attributed to m ultiple genetic and environm ental 
factors, altered m esenchym al differentiation, and the 
direct effect o f clefting on facial prim ordia.22,23 The 
high prevalence o f hypodontia in VW S has direct 
clinical im plications for dentists and early identification  
is vital for effective treatm ent planning. C ongenital 
absence o f teeth m ay contribute to constriction o f the 
dental arches, especially in the m axilla , and this can  
result in dental m alocclusion  and skeletal discrepancies 
betw een the arches, w hich m ay necessitate orthodontic  
an d /or orthopaedic intervention.
There w as an isolated case o f  M IH  that occurred in 
an affected m ale w h o  had unilateral cleft lip and palate. 
There has been no previous report o f  this dental
Kg 7. 
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Affected female with unilateral cleft lip and palate and a unilateral lower lip nodule. This lower lip nodule is a microform of the characteristic
lower lip pit.
) 2010 Australian Dental Association
Lower lip nodule
D ento fac ia l features in Van der W oud e  syndrom e
anomaly occurring in a VW S affected individual in the 
literature. H ow ever, in this case M IH  is likely to be an 
isolated independent anom aly and not an associated  
feature o f  VW S.
The overall prevalence o f  characteristic low er lip pits 
in this study cohort w as 86% . H ence, detection o f  the 
lower lip pits is vital for the correct d iagnosis o f VW S in 
the vast m ajority o f affected individuals. D entists are on  
the frontline in diagnosing VW S. H ow ever, diagnosis o f  
lip pits can be difficult because o f several different types 
of lip pits that can occur in VW S (Figs 4 -7 ) .  These 
include bilateral sym m etric, bilateral asym m etric, uni­
lateral (w hich are considered incom plete expressions of  
the trait), m edian and m icroform s.9 The m icroform s of  
the lip pits occur as conical elevations, transverse 
mucosal ridges, or openings w ith no d ep th .14,24
In early ch ildhood , the pits are often on the 
vermillion zone o f  the low er lip and are centered on 
top o f con ical elevations, but they progress to form  
simple depressions in adulthood , w hich  can be asym p­
tom atic.7 T he sinus tract m ay enter the orbicularis oris 
muscle. Som e fibres o f  this skeletal m uscle have been 
found to be orientated in such a manner that, upon  
contraction, they induce a peristaltic ejection o f  m ucous 
secretion. If the com m unicating ducts o f the m ucous 
acini are open then the fistulae m ay exude a m ucin-like 
fluid.2 Chronic d iscom fort (due to inflam m ation as a 
result o f the salivary excretions an d /or  bacterial 
penetration) and poor aesthetics are com m on reasons 
cited for surgical rem oval o f  lip p its.9
The critical significance o f  lip pits is that their 
expression is reported to be associated  w ith increased 
severity o f  the cleft lip a n d /or  cleft palate. Studies 
reported in the literature have described the types o f  
cleft associated w ith different types o f  low er lip 
pits.3,5,14,24 These investigations have show n that the 
bilateral, unilateral or m ixed-type lip pits are more 
likely to occur w ith cleft lip w ith  or w ithout cleft 
palate. This finding w as also reflected in the ACFU  
patients w ith VW S. Fourteen o f the 19 patients w ho  
had low er lip pits displayed either unilateral cleft lip 
and palate or bilateral cleft lip and palate.
D iagnosis o f lip pits in cleft patients has further 
im plications for genetic counselling because the prob­
ability o f  a cleft patient w h o  also has lip pits having 
offspring w ith  cleft lip w ith  or w ith out cleft palate, is 
reported to be 10 tim es greater than the probability o f  a 
cleft patient w ithout the lip p its.2,3,7,25 All VW S- 
affected parents should be cautioned that they carry a 
risk of 50%  o f having a child w ith  a cleft lip an d /or  
cleft palate due to its autosom al dom inant m ode of  
transmission. H ence, genetic counselling is a critical 
stage in the m anagem ent o f a VW S patient and their 
family. A full fam ily history and confirm ed differential 
diagnosis o f  VW S from  other overlapping syndrom es 
(e.g., popliteal pterygium  syndrom e)10 is needed before
© 2010 Australian Dental Association
counselling is given to fam ily mem bers. Inform ation  
regarding the pattern o f inheritance, the range o f  
clinical m anifestations, and the consequence o f these 
phenotypes should be em phasized.
The sam ple size in this study is relatively sm all and 
m ay not be truly representative o f VW S in Australia. 
H ow ever, this is the first study o f  VW S conducted in 
Australian fam ilies and it provides a foundation for 
further research based on larger numbers o f fam ilies.
C O N C L U S IO N S
The highly variable phenotypic expression o f  VW S is 
dem onstrated by the w ide range o f  clefting phenotypes  
in this study cohort. The distribution o f clefting  
phenotypes w as not consistent w ith  that reported in 
the literature, w ith a greater proportion o f VW S  
individuals affected by subm ucous cleft palate. Under­
diagnosis o f VWS has been reported to be linked to lack  
o f detection o f the low er lip pits. As this study has 
show n, subm ucous cleft palate may go undetected if 
the low er lip pits are not detected and VW S is not 
diagnosed. Subm ucous cleft palate has been show n to 
result in feeding difficulties, speech and hearing im pair­
ment and facial grow th problem s. H ypodontia  is also a 
significant phenotypic expression o f VW S and w ill 
require m anagem ent by a dental team . It is im portant 
that dentists appreciate the nature and extent o f  
variation in clinical presentation o f  individuals w ith  
VW S and are proficient in its diagnosis. Families 
with an affected VWS m em ber should undergo  
genetic counselling as part o f their m anagem ent to 
educate them  on the clinical phenotypes and con se­
quences, as w ell as, the risk o f transm ission to future 
offspring.
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Multidisciplinary Management of Opitz G BBB Syndrome
S. Y. Parashar, MCh,* P. J. Anderson, MD,* T. C. Cox, PhD, f  N. McLean, MD , f  
and D. J. David, AC, M D * f
Abstract: Opitz G BBB syndrome is a rare condition characterized 
by the 3 major anomalies o f hypertelorism, cleft lip and palate, and 
hypospadias, although there may be other associated anomalies. The 
underlying genetic causes are complex and consist o f both X-linked 
recessive and autosomal dominant forms of the disorder. Previously, 
there have been publications on the underlying genetics and case 
reports, but there have been few reports regarding the long-term 
outcome.
The aim in this study was to review the range of clinical 
presentation and evaluate outcomes of the multidisciplinary man­
agement o f a cohort o f patients with Opitz G BBB syndrome. In 
a 25-year period, 7 patients with Opitz G BBB syndrome were 
managed by the Australian Craniofacial Unit (ACFU), 5 male and 2 
female. Most of the patients are now reaching skeletal maturity. 
Each one presented with a range of severity in the triad of hyper­
telorism, cleft lip and palate, and hypospadias anomalies. The males 
all exhibited the triad of anomalies, while the females both had 
hypertelorism, only 1 had isolated cleft palate, and neither had any 
genitourinary anomalies. Each patient underwent multidisciplinary 
assessment to make a treatment plan for staged management of 
different anomalies. Plan for surgical corrections o f facial anomalies 
were performed according to the unit’s protocol management of 
both hypertelorism and cleft lip and palate, but the presence of these 
coexisting anomalies required adjustment o f the standard protocol of 
management o f cleft lip and palate.
In conclusion, we recommend that patients with Opitz G BBB 
syndrome require careful evaluation, and management o f the anom­
alies should be in a coordinated manner by a multidisciplinary team.
Key W ords: Opitz syndrome, cleft lip and palate, hypertelorism, 
hypospadias, oculogcnitolaryngcal
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Opitz  G BBB syndrom e is a congenital condition  charac­terized by a variable spectrum  o f  anom alies that include 
the triad  o f  hypertelorism , cleft lip and palate, and hypospa­
dias. O ther anom alies include laryngo-esophageal abnorm al­
ities, im perforate anus, cardiac defects, and developm ental 
delay. John O pitz orig inally  described this condition  as sep­
arate clinical entities, G and BBB syndrom es: the nam es 
derived from  the first letter o f  the fam ily  nam es o f  the patients 
described in the initial rep o rt.1,2 H ow ever, it is now  w idely 
recognized that the 2 orig inal descrip tions w ere variable 
p resentations o f  a single en tity .3,4 The incidence o f  this 
condition rem ains unknown and is difficult to determine because 
o f  the m arked variability in clinical presentation. This is high­
lighted by a num ber o f  reports where retrospective clinical 
evaluation and genetic testing have revealed m ultiple mutation- 
positive, mildly affected relatives o f  probands.5
The condition  is pecu liar in tha t it is genetically  h e t­
erogenous, w ith both X -linked  (X p22.3) and autosom al 
(22q l 1.2) inheritance described .4,5 A  contribu tion  from  both 
chrom osom es m ay explain som e o f  the clinical variability , 
although o ther unknow n factors affect clinical presentation . 
M utations in the M ID  1 gene on the X  chrom osom e have 
been found responsib le  fo r the X -linked  form  o f  th is disease, 
although the precise  developm ental consequences resulting  
from  the loss o f  this gene is no t com pletely  understood .5
R ecently , a review  revealed  that hypertelorism  is the 
m ost com m on feature in patients, being presen t to som e 
degree in all indiv iduals o f  both sexes. H ypospadias w as also 
found to be present in over 82%  o f  affected  m ales, w hile cleft 
lip and palate w as less com m only  seen, reportedly  only 50%  
o f  cases.5 A  range o f  o ther craniom axillofacial deform ities 
has been reported  in this condition  and is show n in Table I .5 
P reviously, there have been few  reports on the overall m an­
agem ent and long-term  fo llow -up .6-9
The aim  in the presen t study w as to review  the clinical 
features in a cohort o f  patien ts w ith O pitz G BBB  w ho are 
reaching skeletal m aturity  and evaluate the long-term  results 
o f  surgical m anagem ent.
METHODS
The departm ental database w as used  to identify  cases o f  
O pitz G  B B B  syndrom e, and  case notes w ere retrieved , along 
w ith specific studies, including rad io logy  and 3-dim ensional 
com puted tom ographic  reconstruction  to assess the extent 
o f  the abnorm ality . Inclusion criteria  selected  only  those 
cases w here an experienced clinical geneticist confirm ed the 
diagnosis.
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TABLE 1. Anom alies Associated W ith Opitz C  BBB 
Syndrome3_______________________________________
Craniofacial
Head Cranial asymmetry and prominences,
midline furrow, w idow’s peak
Facial bones Hypoplasia




folds, strabismus, entropion, ptosis
Ears Posterior rotation
Abnormal modeling o f helix
Oral structures Cleft lip and palate, fused
teeth/supernumerary teeth
Bifid uvula, ankyloglossia/bifid tongue
Short lingual frenulum
Urogenital Hypospadias, vesicoureteric reflux
Respiratory Stridor, aspiration pneumonia, atelectasis
Bronchiectasis, laryngotracheal cleft
Tracheo-oesophageal cleft
Cardiovascular AS D/V S D/P D A/TOF
Coarctation aorta
GIT Upper tract malformation
Esophageal motility, imperforate anus
Others Inguinal hernia/pes cavus/deformed digits
Midline brain anomalies, developmental
delays
ASD, atrial sep tal d efect; PD A , paten t d u c tu s  a rteriosus; T O F, te tralogy  o f  Fallot; 
VSD, ventricular septal defect.
H ypertelorism  and cleft lip and palate  (C LP) w ere 
managed according to the un it p ro to co l10'" ;  how ever, the 
protocol for the m anagem ent o f  CLP w as custom ized to deal 
with the m anagem ent o f  the o ther associated  anom alies.
RESULTS
The departm ental database identified a total o f  7 pa­
tients w ith O pitz G  BBB syndrom e in a 25-year period  from  
1980 to 2004. O f  these, 5 w ere m ale and 2 fem ale, w ith a 
current m ean age o f  15 years and average fo llow -up o f  14 
years. All underw ent full m u ltid isc ip linary  assessm ent w ith 
initial review  by cran iofacial surgeon, p lastic  surgeon, speech 
pathologist, p ed iatric ian , ped ia tric  surgeon, respiratory  phy­
sician, and card io log ist due to the presence o f  m ultip le 
anomalies. C linical genetic  assessm ent w as undertaken to 
establish a diagnosis, and patients w ere offered  genetic test­
ing. Basic rad io logy  o f  skull and chest w ith CT scan and 3D 
reconstruction o f  the skull w as perform ed to assess the 
deformity. A  m ultid iscip linary  p lann ing  w as undertaken for 
each patient to estab lish  trea tm en t prio rity . C raniofacial 
anomalies w ere m anaged  accord ing  to the A C F U  protocol o f  
hypertelorism and C L P .10’11
On review ing the clin ical p resen tation , all the m ales 
were found to have hypertelorism , facial cleft, and hypospa­
dias. Both fem ale patien ts had hypertelo rism  and 1 fem ale 
had isolated cleft o f  the poste rio r palate, but none had 
genitourinary anom alies. A ll the patients had a w ide range o f
© 2005 Lippincott Williams c£ Wilkins
clinical features. C ase 7 w as a m ild  p resen ta tion  w ith hyper­
telorism , m idface hypoplasia, and an associated cardiac an­
terior septal defect (Fig. 1 A, B). T w o patients w ere found to 
have M ID I gene error in X chrom osom e. In 4  o ther cases, no 
m utations w ere detected, and 1 declined testing.
The m anagem ent o f  the anom alies o f  these patients w as 
grouped in the triad o f  clinical features as follow s.
Hypertelorism (Table 2 and Fig. 2A)
H ypertelorism  w as a consisten t finding in all patients, 
and the bony interorbital distance (B IO D ) w as m easured  
betw een the dacryons on a p lain  radiology o f  skull (Fig. 2B). 
Patients w ere g rouped as m ild, m oderate, and severe hyper­
telorism  on the basis o f  m easurem ent. Six patien ts had m ild 
and m oderate, w hereas 1 had  severe, hypertelorism . All 
patients had epicanthal folds, and 2 had congenital un ilateral 
ptosis. T hree patients had congenital strabism us, and 1 ac­
quired it fo llow ing  hypertelo rism  surgery. T w o patients 
underw ent ophthalm ological correction. Four patients under­
w ent surgery to correct the hypertelorism  using box osteo t­
om y technique preserv ing  the cribriform  plate recom m ended 
by C onverse .12 O ne patien t required  2 procedures, a subcra- 
nial orbital osteotom y at age 5 and a box osteotom y at age 17. 
It w as noted  that there is a tendency  for the crib riform  plate 
to be low , w hich clearly  needs to be borne in m ind w hen 
planning corrective hypertelorism  surgery. T he pre- and post­
operative B IO D  w ere com pared (T able 3). T here w ere no 
significant com plications fo llow ing hypertelorism  surgery, 
apart from  anosm ia and strabism us, w hich occurred  on 1 oc­
casion each.
Cleft Lip and Palate (Table 4 and Fig. 3A, B)
O ut o f  6 patients w ith  cleft anom alies, 4  had bilateral 
com plete cleft lip and palate, 1 had a unilateral com plete lip 
and palate, and 1 patient had an isolated com plete cleft o f  the 
palate. Three patien ts had their cleft m anagem ent from  birth 
in the A C FU , 2 patients entered  the protocol at 2 and 4 years 
o f  age, respectively , and 1 patien t w as already skeletally  
m ature w hen referred. L ip repair w as perform ed at the aver­
age age o f  6 m onths. This is a delay  o f  3 m on ths’ tim e o f  the
F IG U RE  1. A, Eleven-year-old female with Opitz G BBB syn­
drom e show ing mild hypertelorism and nasal deformity. B, 
Sam e patient in a profile view show ing midface hypoplasia.
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T A B LE  2. Hypertelorism
Case Hypertelorism Procedure Age at Surgery
1 Mild Box osteotomy/canthoplasty/ptosis correction 6 y
2 Moderate Box osteotomy/canlhoplasty 5 y
3 Moderate Subcranial osteotomy and box osteolomy/canthoplasty 7 y and 17.3 y
4 Mild Young
5 Moderate Box osteotomy/canthoplasty 5.2 y
6 Severe Lost to follow-up
7 Mild Young
the im portance  o f  m u ltid isc ip lin a ry  a sse ssm en t th ro u g h o u t 
the g row th  period . T w o  p a tien ts  req u ired  A bbé flaps at the 
age o f  14 and  17 years , re sp ec tiv e ly , to  co rrec t h o rizo n ta l 
lip  sho rtness  and  im prove  the  n aso lab ia l p ro file  w hen  they  
w ere adult.
H ypospadias (Table 5 and Fig. 4)
A ll o f  the m ales had hypospadias; 1 w as perineal, 3 o f  
penoscrotal, and 1 coronal type. Fem ale patients did not have 
any genitourinary  anom alies. All had a multistage repair, 2 
developed fistulae requiring further surgery, and 1 had a persis­
tent chordee. One o f  the patients had upper genitourinary ab­
normality that required ureteric surgery.
In addition  to the triad  o f  deform ities, there w ere other 
associated  facial anom alies. M idface deform ity  (T able 6), 
including m idface hypoplasia, w as p resen t in all patients, 
including 1 patient w ho had no cleft deform ity. H ypoplastic 
zygom a (3 out o f  7 patients), depressed nasal bridge, and 
upturned nose (4 out o f  7 patien ts) w ere also associated 
m idface deform ities.
Three patients underw ent m alar augm entation , 4 pa­
tients had open rh inoplasty  w ith cantilever costochondral 
bone grafts, and 2 required  Le Fort I m axillary  advancem ent 
p rocedure, and these w ere perform ed after reaching skeletal 
m aturity. O ne patient had good facial grow th and w as m an­
aged by orthodontics alone, w ithout the need o f  m axillary 
osteotom y (Figs. 5 -9 ). C ranial asym m etry  and frontal boss­
ing (2 patients), ear deform ity , including low -set and rotated 
ears (3 patients), and tongue-tie  (3 patien ts) w ere also iden­
tified.
O ther anom alies that required  appropriate m anagem ent 
included airw ay problem s (stridor and laryngom alacia), gas­
tro in testinal abnorm alities (im perforate anus and esophageal 
reflux), and cardiac d iseases (PD A , A SD, V SD ).
T ABLE 4. Cleft Lip and Palate (CLP): Pathology and Age at Repair
Case Pathology Lip Repair Palate Repair Alveolar Bone Graft Pliaryngoplasty
1 Bilateral complete CLP S mo 20 mo 12 y 9 y
2 Unilateral complete CLP 5 mo 9 mo 14.5 y 7.5 y
3 Bilateral complete CLP 3 mo 10 mo 12 y 5.3 y
4 Bilateral complete CLP 7 mo 12 mo Awaiting -
5 Bilateral complete CLP 7 mo 10 mo 17.6 y 26.2 y
6 Isolated Cleft Palate - 20 mo - -
7 No cleft - — “
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FIGURE 2. A, Severe hypertelorism and telecanthus in a 
1-year-old child. B, Plain rad io logy of skull (AP view) for 
measurement of B IO D .
TABLE 3. Bony Interorbital D istance (B IO D )
Case Preoperative BIOD Postoperative BIOD
1 31 mm 29 mm
2 38 mm 31 mm
3 37 mm 22 mm
current CLP p ro to c o l.10 A  W ard ill-K ilner type o f  palate 
repair13 w as perform ed in all cases, a long w ith  m yringotom y 
and insertion o f  grom m ets at the average age o f  14 m onths. 
The delay in the tim ing  o f  surgery  w as due to the presence o f  
respiratory, cardiac, u ro log ic , and feed ing  p roblem s that re­
quired prolonged  hosp ita lization . A lveo lar bone grafting  w as 
performed at the tim e o f  m ixed  dentition , sim ilar to other 
patients in CLP protocol. A  total o f  4 ou t o f  6 pa tien ts  w ith  
CLP requ ired  su p e rio r flap  p h a ry n g o p la s ty  at the average  
age o f  12 y ea rs  a f te r  d e tec tio n  o f  V PI on seria l speech  
evaluation and n a so en d o sco p ic  a ssessm en t. T h is  h ig h lig h ts
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FIGURE 3. A, Five-m onth-old male baby show ing unilateral 
cleft lip deformity. B, Sam e child show ing unilateral cleft pal­
ate deformity.
TABLE 5. Hypospadias and Its Severity
Hypospadias
Penoscrotal 








VUR and UTI-Ureteric 
reimplantation
FIGURE 4. Perineal hypospadias with bifid scrotum.
All patients w ere regularly  rev iew ed  th roughout the 
growth period, and the definitive correction , including or­
thognathic and soft-tissue refinem ent surgery, w as perform ed 
after skeletal m aturity .
DISCUSSION
Opitz G  BBB  syndrom e is a condition  w ith variable 
clinical presentation . It varies in severity  from  m ildly affected






1 + + -
2 - + -
3 + + +
4 - - -
5 + + 4 -
6 - - -
7 - - -
F IG U RE  5. A, Lateral cephalogram  in a 6-year-old male 
show ing skeletal class III jaw relationship. B; Lateral cephalo­
gram  of the sam e patient after skeletal maturity at the age  
of 24 years.
(Fig. 1) to severely  affected patien ts and m ay have m ultip le 
associated congenital anom alies. T he severity  m ay be such 
that neonatal death  and infant m ortality  m ay occur.3,14 M ost 
o f  the anom alies in this d isorder affect the m idline, suggest­
ing that the genetic m utation  exerts its effect p redom inantly  
on m idline m orphogenetic  p rocesses.2 Investigations into the 
underly ing genetic defects and the pathobiochem istry  o f  this 
syndrom e have identified that developm ent o f  the ventral 
m idline is a com plicated  m ultistep  p ro cess .15
M any synonym s are a ttached w ith the O pitz G BBB 
syndrom e, including O pitz ocu logenito laryngeal synd rom e,16 
O pitz synd rom e,1 and G sy n d ro m e.17 M arked overlap  o f  the 
phenotype presentations, the sam e inheritance pattern , and 
m ale p reponderance o f  these d ifferently  nam ed syndrom es 
suggested unification; hence, a com pound nam e, O pitz G 
BBB  syndrom e, w as p roposed .16
The triad  o f  deform ity  had variab le  range o f  p resen ta­
tion. H ypertelorism  w as presen t in all o f  the patien ts in this 
series. It has been reported  tha t hypertelo rism  is a com m on 
denom inator in m ales w ith identified M ID I m u ta tio n s4,5 
BIO D  m easured  on p lain  skull radiology w as used  to grade 
hyperte lo rism .18 All the patients in this study had hypertel­
orism , and these w ere grouped  into 3 categories to  h ighlight 
the variability . T essie r’s c lassification12 fo r the severity  o f  
hypertelorism  could  not be used because it has been described 
for adult population, and larger data are requ ired  for age- and 
gender-m atched classification as described by M u llik en .19
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FIGURE 6. A, Occlusal relationship prior to orthodontics In 
the same patient In Figure 5. B, Dental relationship after 
completion of orthodontics m anagem ent at the age of 24 
years.
FIGURE 7. A, Frontal view of a 6-year-old male show ing bi­
lateral CLP, hypertelorism, and unilateral ptosis. B, Profile 
view of the sam e patient in Figure 7A.
FIGURE 8. A, Sam e patient at age of 16 years after several 
reconstructive procedures. B, Profile view at 16 years of age.
Three patients had m ild  (3 0 .1 -3 4 .9  m m ) hypertelorism , 3 had 
moderate (3 5 -3 9 .9  m m ), and 1 patien t had  severe (> 4 0  m m ) 
hypertelorism (T able  2) again  show ing  the range o f  severity. 
This required a range o f  m anagem ent strategy. Postopera- 
tively, B IO D  m easurem en t w as com pared and show ed im-
406
F IG U RE  9. A, Sam e patient after skeletal maturity (24 years) 
show ing go od  facial grow th. B, Profile view of the sam e pa­
tient show ing go o d  skeletal jaw relationship after o rthodon ­
tics only.
p rovem ent in all patients. A ll patients w ere evaluated  by an 
ophthalm ologist as a part o f  m ultid iscip linary  assessm ent.
C left lip and palate  w as present in 86%  in this series, 
and it ranged in severity  from  isolated cleft palate to bilateral 
com plete cleft o f  lip and palate. In one report, cleft palate w as 
seen in 34% 20; in another report, 34%  o f  patients had  in ­
traoral abnorm alities.7 In this series, the patients w ere m an­
aged according to the CLP protocol. H ow ever, the tim ing had 
to be altered  to m anage associated  anom alies w hose treatm ent 
w as p lanned by m ultid iscip linary  team . N otab ly , 4 out o f  6 
patients w ith cleft required  pharyngoplasty , w hich is not 
com m only undertaken in our nonsyndrom ic isolated cleft 
palate population , possib ly  indicating  the severity  o f  m idline 
deficiency.
H ypospadias w as p resen t in 100% o f  the m ale patients, 
w hereas fem ales had no genital anom alies, w hich is sim ilar to 
the report o f  Peeden et a l.20 T he types varied from  distal 
coronal to proxim al perineal w ith bifid scrotum , and 1 patient 
had associated  ureteral anom aly. T his contrasts the report o f  
Peeden et al,20 w here the site is no t recorded. M ultistaged  
reconstruction  w as perform ed in all the patients.
T here is a range o f  o ther craniofacial anom alies p resent 
in O pitz G BBB synd rom e,1’3 including cranial asym m etry, 
ear m alform ations, m idface hypoplasia, and nasal deform ity. 
In this study, m idface hypoplasia w as p resen t in all patients, 
including 1 w ithout any cleft. T he com m on procedures per­
form ed in these patien ts are augm entation  rh inoplasty , m alar 
augm entation , and Le Fort I m axillary  advancem ent. O ne 
patien t in this series w ith b ilateral CLP had good facial 
grow th th roughout the developm ental period  and achieved 
a good facial balance w ith orthodontics alone, as show n in 
F igures 5 and 6.
The associated  anom alies prev iously  described include 
neurom uscular defects o f  the esophagus, im perforate anus, 
m ental retardation  and dysphagia w ith aspiration , laryngotra- 
cheoesophageal anom alies, central nervous system  m alfor­
m ations, and cardiac anom alies.2,21
In this series, 51%  had gastro in testinal anom alies, 
w hereas 43%  had cardiac anom alies. F our patien ts (57% ) had
© 2005 Lippincotl Williams & Wilkins
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neonatal respiratory  illnesses causing  long periods o f  hosp i­
talization, while only 1 patient had laryngomalacia. Presence o f  
these multiple diseases w as the reason for delay in cleft repair. 
These visceral abnorm alities are the cause o f  high m orbidity and 
mortality in patients w ith O pitz G  BBB syndrom e.2,14
In conclusion, the condition  has a triad  o f  clinical 
features w ith variab le  severity , w hich have been h ighlighted 
in this series. W ithin  the triad , the features have a range o f  
presentation that m ay be associated  w ith o ther anom alies. 
This results in our recom m endation  that m anagem ent by 
m ultidisciplinary team  is required  fo r custom ized treatm ent 
and coordinated care.
Finally, we propose a m anagem ent strategy (Table 7) 
recommending that: patien ts w ith O pitz G BBB  syndrom e are 
best treated in regional cran iom ax illo facial centers so that an 
appropriate custom ized  m anagem ent protocol can be fo l­
lowed for each individual patient.
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PEDIATRIC/CRANIOFACIAL
From  B ir th  to  M a tu r ity : A  G ro u p  o f  P a tien ts  
W ho H ave  C o m p le te d  T h e ir  P ro to c o l 
M anagem ent. P a rt I I .  Iso la te d  C le ft Palate
David J . D avid , F.R .C .S. 
P e te r  J .  A n d e rs o n , 
F .D .S .R .C .S .(E d.), F .R .C .S. 
D rew  E. S c h n itt ,  M .D. 
Michael A. C. N u g e n t,  M .S., 
F.R .A .C .D .S. 
Rosslyn Sells, L .A .C .S .T ., 
M .S.P.A .
Ailelmik, South Australia, Australia
Background: T h e  o p tim a l m a n a g e m e n t o f  th e  c le ft p a la te  p a t ie n t  f ro m  b ir th  to  
c o m p le tio n  o f  tr e a tm e n t  c o n tin u e s  to  p re s e n t a fo rm id a b le  c h a lle n g e  to  th e  
p las tic  su rg e o n . T h e  m a n a g e m e n t by m u ltid is c ip lin a ry  te am s is w ell e s ta b lish e d , 
b u t lo n g - te rm  o u tc o m e  d a ta  o f  cases m a n a g e d  by p ro to c o l re m a in  sp a rse . T h is  
s tu d y  c o n tin u e s  to p re s e n t th e  re su lts  o f  th e  A u stra lian  C ran io fac ia l U n it o f  
p a tie n ts  w ith  iso la ted  c left p a la te  w ho  c o m p le te d  p ro to c o l m a n a g e m e n t a t th e  
unit, u n d e r  th e  ca re  o f  th e  s e n io r  a u th o r  (D .J.D .) d u r in g  th e  29-year p e r io d  fro m  
1974 to  2003.
Methods: A re tro sp e c tiv e  stu d y  o f  th e  o u tc o m e s  in re la tio n  to  facial g ro w th , 
sp e e c h , h e a r in g , a n d  o cc lu s io n  is p re s e n te d  o f  p a tie n ts  w ith  a n  iso la te d  c le ft 
p a la te .
Results: T h irty -tw o  cases  w e re  id e n t i f ie d  f ro m  th e  d e p a r tm e n ta l  d a ta b a s e , 
in v o lv in g  17 fe m a le  p a t i e n ts  a n d  15 m a le  p a t ie n ts .  C c p h a lo m e tr ic  an a ly s is  a t 
s k e le ta l  m a tu r i ty  re v e a le d  a r a n g e  o f  fa c ia l g ro w th , a n d  m a x illa ry  a d v a n c e ­
m e n t  s u rg e ry  w as d e e m e d  n e c e s s a ry  in  ju s t  tw o cases . S p e e c h  re s u lts  w ere  
e v a lu a te d  u s in g  s p e e c h  th e r a p y  a sse ssm e n ts  d u r in g  d e v e lo p m e n t a n d  at 
m a tu r i ty .  A t m a tu r i ty , 18 o f  32 p a t ie n ts  w e re  a sse ssed  as b e in g  w ith in  n o rm a l 
lim its . T h e  h e a r in g  was w ith in  - 2 0  dB , w ith  ju s t  tw o e x c e p t io n s . 
Conclusion: O v e ra ll , th e s e  is a  r a n g e  o f  o u tc o m e s , b u t th e  re s u lts  c o n f i rm  
th a t  fa c ia l g ro w th  d o e s  n o t a p p e a r  to  b e  a d v e rse ly  a f f e c te d  by  u se  o f  th e  
p u s h b a c k  te c h n iq u e  to  r e c o n s tr u c t  th e  p a la te .  (P last. Reconstr. Surg. 117: 
5 15 , 2 0 0 6 .)
T he optim al m anagem ent o f patients with a cleft palate rem ains debatable. However, the ideal aims o f norm al speech and hear­
ing, normal occlusion, and  with a  norm al facial 
appearance and  psychological well-being are un ­
likely to be achieved w ithout m ultidisciplinary 
management.1
However, as we have previously highlighted, 
there has been  little published regarding the 
outcome of m ultidisciplinary trea tm en t o f cleft 
lip-cleft palate patients.2 This rep o rt attem pts to 
address some o f the uncertain ties in  the m an­
agement o f isolated d e f t  palate, particularly the 
effect of palatal surgery on subsequent facial 
growth.
From, the Australian Craniofacial Unit, Women’s and Chil­
dren’s Hospital, in association with the University of Ad­
elaide.
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PA TIEN TS AND M ET H O D S 
The Australian Craniofacial Unit in Adelaide 
has been m anaging cleft lip-cleft palate patients 
with a consistent multidisciplinary treatment, pro­
tocol since 19742 under the direction of the senior 
author (D.J.D.). This is summ arized in Table 1. 
The patients who m et die entry criteria of com- 
pledng protocol m anagem ent had dieir case notes 
and radiographs exam ined and die results re­
corded.
Birth
All patients and parents are evaluated by the 
plasdc surgeon and the speech padiologistas soon 
as possible after birdi. The parents are educated 
about details of die proposed m anagem ent of die 
cleft palate by a dedicated multidisciplinary team, 
with the emphasis on the long-term nature of this 
program . Feeding advice is provided by the team 
speech pathologist.
Preoperatively, the patient is assessed again by 
the speech pathologist, along with the otolaryn-
w w w .p la sr e c o n su r g . o r g 515
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Table 1. Australian Craniofacial Unit Cleft Lip-Cleft 
Palate Consultation Protocol
Newborn
An initial app o in tm en t with the surgeon  and  the speech 
pathologist will be m ade shortly after birth; the 
speech pathologist will con tinue to m on ito r the 
feed ing  process 
Three m onths 
Surgeon: C onsultation regarding m anagem ent process 
Speech pathologist: Review feed ing  and discuss speech 
m anagem ent 
O tolaryngology: O toscopic exam ination 
Pedodontist: Discuss den tal developm ent and 
m anagem ent
Clinical genetics: Assessment for o th e r anomalies, future 
pregnancies 
Photography: P hotographic  records 
Craniofacial registrar: To record  all relevant medical 
data  on protocol form  
First year 
Surgeon: Review at 1 yr
Speech pathology: Review at 1 yr to assess speech and 
language developm ent 
O rthodontics: Review and  discussion regarding fu ture 
m anagem ent 
Audiology: H earing  assessm ent 
Otolaryngology: Assessment 6 mo after myringotomy 
insertion  o r if no t requ ired , review 1 yr 
Photography: At 1 yr 
Second to fifth years
Surgeon: A nnual review; nasendoscopy at age 5 yr if 
indicated
Speech pathology: Assessment at 1.5, 2.5, 3.5, and 4.5 yr 
O rthodontics: Review and discussion regarding fu ture 
m anagem ent.
Audiology: Review as indicated 
Otolaryngology: A nnual review 
Pedodontics: A nnual review
Multidisciplinary cleft lip-cleft palate clinic: 1.5 and 4.5 yr 
Sixth to 12th years
Surgeon: A nnual review; nasendoscopy if indicated 
Speech pathology: Assessment a t 8 and  12 yr 
O rthodontics: A nnual review 
Audiology: Review as indicated 
Otolaryngology: A nnual review 
Radiographs: C ephalom etric studies annually 
M ultidisciplinary cleft lip-cleft palate clinic: 8 and 12 yr 
T h irteen th  year to skeletal m aturity 
Surgeon: A nnual review; nasendoscopy if indicated 
Speech pathology: Review as indicated 
O rthodontics: Assess grow th, p lan  any orthognathic 
surgery 
Pedodontics: A nnual review
Final assessm ent: C ephalogram  and  photographs before 
discharge
gologist, the pedodontist, and the surgeon. Pre­
operative photographs are obtained.
First Year
The cleft palate repair was undertaken be­
tween 6 m onths and 38 m onths using a modified 
two-flap pushback palatoplasty (Veau-Wardill-Kil- 
ner type). The procedure is m odified in that the
two flaps are extended to include the anterior 
palate as described by Bardach.3 At the same an­
esthetic, otologic exam ination is undertaken  and 
myringotomy tubes inserted as necessary. Oral flu­
ids can be recom m enced immediately after sur­
gery'. Arm splints are worn on an as-needed basis. 
Patients are exam ined by the plastic surgeon 1 
week after surgery and again a t 6 weeks. At this 
time, review by the otolaryngologist is undertaken 
if myringotomy tubes have been inserted. All cases 
are reviewed at 6-month intervals until the ears are 
norm al and myringotomy tubes are no longer re­
quired.
A review by the speech pathologist is under­
taken to evaluate speech and language develop­
ment. Review by orthodontics is also undertaken 
to outline the protocol treatm ent program  during 
childhood.
S econ d  through F ifth Years
Annual review by the plastic surgeon is under­
taken. Pedodontic and audiology examinations 
are undertaken annually. Speech assessment is un­
dertaken at 1.5, 2.5, 3.5, and 4.5 years o f age. If 
necessary, nasendoscopy can be perform ed after 
the fifth year. The cleft lip-cleft palate multidis­
ciplinary team m eeting is a ttended  at 1.5 and 4.5 
years.
Sixth through T w elfth  Years
Annual review by the plastic surgeon is per­
form ed. Otolaryngologic review is perform ed ev­
ery 6 m onths if myringotomy tubes were placed; 
otherwise, every 12 months. Speech is assessed at 
8 and 12 years of age and nasendoscopy per­
form ed if necessary. O rthodontic review is per­
form ed annually to m onitor facial growth, with the 
occlusion including review of cephalomet.ric ra­
diographs. The multidisciplinary team m eeting is 
attended at ages 8 and 12 years.
A udiom etry
Audiom etric findings are assessed according 
to the following criteria: hearing levels of less than 
20 dB are considered to be in die norm al range, 
mild loss is between 20 dB and 30 clB, and signif­
icant loss is considered to be greater than 30 dB.
O rthodontic Treatm ent
Assessment at age 4.5 years is perform ed when 
the primary dentition is com plete. At age 6 years, 
study models are used to record and assess the
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Table 2. The Isolated Cleft Population
Case Sex C left Type
Age at Repair 
(mo)
1 F S 9
2 M s 9
3 M S 9
4 F s 7
5 F s 11
6 M S 12
7 F S 11
8 M H + S 12
9 M H  + S 13
10 F H + S 9
11 M I-I + S 18
12 F H  + S 10
13 F H + S 13
14 M H + S 11
15 F H  +  S 14
16 M PR 14
17 F PR 14
18 M PR 13
19 F PR 13
20 F PR 18
21 F PR 14
22 F PR 12
23 M PR 8
24 M PR 12
25 M SMCP 38
26 M SMCP 32
27 F SMCP 8
28 F SMCP 26
29 M SMCP 37
30 F SMCP 25
31 F SMCP, VDW 36
32 M SMCP, chrom o 11
F, female; M, male; S, cleft soft palate  only; H  +  S, cleft h a rd  an d  soft 
palate; PR, P ierre Robin sequence; SMCP, subm ucous cleft palate; 
TOW, Van d e r  W oude; ch rom o , chrom osom al anomaly.
developing occlusion, and  radiographs assess the 
number, morphology, and position of the devel­
oping secondary dentition.
Table 3. Cephalometric Analysis at Skeletal Maturity 
for Nonsyndromic Isolated Cleft Palate Patients
Case Sex Age (yr) SNA SNB ANB
1 F 18 77 72 5
2 M 17 84 82 2
3 M 17 82 80 2
4 F 17 78 76 2
5 F 16 79 79 0
6 M 18 83 77 6
7 F 16 79 72 7
8 M 18 71 67 4
9 M 16 81 80 1
10 F 17 75 73 2
11 M 20 70 68 2
12 F 17 78 78 0
13 F 17 74 75 -1
14 M 19 79 77 2
15 F 17 75 81 -6
F, female; M, male; SNA, angle on the  cephalogram  m ade by the sella, 
the nasion, and poin t A o n  the maxilla; SNB, angle on  die cephalogram  
made by the sella, the nasion, and  po in t B on  the mandible; ANB, angle 
on the cephalogram m ade by point A, the nasion, and point B.
Table 4. Cephalometric Analysis at Skeletal Maturity 
for Pierre Robin Sequence Patients
Case Sex Age (yr) SNA SNB ANB
16 M 15 70 68 2
17 F 18 79 76 3
18 M 18 84 78 6
19 F 16 79 80 -1
20 F 18 78 77 1
21 F 18 81 77 4
22 F 17 74 73 1
23 M 16 85 78 7
24 M 16 73 73 0
F, female; M, male; SNA, angle on  the cephalogram  m ade by the sella, 
the nasion, and po in t A on  the  maxilla; SNB, angle  on  the  cepha­
logram m ade by the sella, the nasion, and  po in t B on the m andible; 
ANB, angle on the cephalogram  m ade by po in t A, the nasion, and  
po in t B.
At approximately 13 years of age, full orth­
odontic treatm ent is undertaken  to align the den­
tal arches. Assessment of fu ture facial growth and 
the need  for orthognathic correction is under­
taken. This early assessment is essential if appro­
priate orthodontic therapy is to begin.
O rthognathic Surgery
At approximately 17 or 18 years, final assess­
m ent of the facial pattern is carried out. Cepha­
lometric study aids the planning of orthognathic 
surgery, and hand/w rist radiographs confirm that 
growth is complete. If maxillary advancem ent is 
required, overcorrection allows for inevitable re­
lapse. O rthodontic treatm ent is continued to con­
firm that the occlusion is functional and aesthetic 
once any final fine adjustments following surgery 
have been completed.
Sp eech  Evaluation
Speech analysis is based on patient review and 
recorded speech samples. All the evaluations have 
been perform ed under the supervision of two se-
Table 5. Cephalometric Analysis at Skeletal Maturity 
for Submucous Cleft Palate Patients
Case Sex Age (yr) SNA SNB ANB
25 M 17 82 80 2
26 M 17 88 88 0
27 F 15 77 73 4
28 F 16 82 83 -1
29 M 16 85 87 -2
30 F 15 90 85 5
31 F 18 87 82 5
32 M 17 73 75 -2
F, female; M, male; SNA, angle on th e  cephalogram  m ade by the sella, 
the nasion, and  p o in t A on the maxilla; SNB, angle on  the cepha­
logram  m ade by the sella, the  nasion, an d  p o in t B on  the m andible; 
ANB, angle on  the cephalogram  m ade by po in t A, the  nasion, and 
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nior sp e e c h  p a th o lo g is t s  w ith  e x te n s iv e  e x p e r i­
ence o f  m a n a g in g  c le f t  l i p - c l e f t  p a la te  p a tie n ts .
S p e e c h  w as e v a lu a te d  o n  a r t ic u la t io n , v e lo p h a ­
ryngeal c o m p e t e n c e ,  a n d  n a sa lity  ( r e s o n a n c e )  
and in te ll ig ib ility . T h e  o u t c o m e  a t  s k e le ta l m a tu ­
rity is g iv e n  a s p e e c h  r a t in g  as fo llo w s: w ith in  n o r ­
mal lim its, m ild , o r  s e v e r e , w h e r e  th e  la t te r  tw o  are  
assigned d e ta i ls  o f  th e  a b n o r m a lity .
Articulation is recorded  as having structural 
deficit or com pensatory changes. Nasal resonance 
is rated as norm al, hyponasal, or hypernasal. Nas- 
endoscopy supplem ented with videofluoroscopy is 
performed if velopharyngeal dysfunction is sus­
pected. This can be perform ed after 5 years of age. 
Dynamic testing is carried out using simultaneous 
lateral videofluoroscopy using a 30-degree nasen- 
doscope, as we have previously described.4 For 
those cases that require interventional therapy, 
the com ponent o f speech that is anomalous is 
recorded.
Thirty-two patients with isolated cleft palate 
were found to fall w ithin the sU'ict selection cri­
teria for entry into die study. This included 17 
female patients and 15 male patients. The entry 
criteria included that the senior au thor (D.J.D.) 
treated these cases from  birth  and  that the sub­
sequent m anagem ent was supervised by the cleft 
lip-cleft, palate team using the U nit’s multidisci­
plinary protocol. The curren t age range of the 
study group is from  16 to 29 years.
The 32 cases can be subdivided into a num ber 
of different groups depending  on the severity of 
their cleft. There are 15 nonsyiidromic isolated 
cleft palates (seven of whom had clefts affecting 
the soft palate only and  eight of whom had clefts 
affecting both the hard  and  soft palates). An ad­
ditional eight cases were diagnosed by clinical ge­
netics as Pierre Robin sequence. In addition, six 
were nonsyndrom ic subm ucous cleft palates, and 
an additional two cases o f submucous cleft palate 
had the anomaly as part o f a syndrome, one each 
of Van der W oude syndrome and trisomy 18 syn­
drome.
The d e ft palates were all repaired  between 7 
months and 38 m onths. The protocol for the tim­
ing of tire repair was changed from  9 m onths to 6 
months in 1984, in line with the practice of other 
surgeons at this time who wished to optimize 
speech outcome. The causes for delay beyond the 
protocol tim ing for repair included illness and 
scheduling requests. In particular subgroups, the 
timing was later both  in the subm ucous cleft pal­
ates where there was often a delay in diagnosis and
in the Pierre Robin cases where the palatal closure 
was delayed as part of airway m anagem ent. No 
cases required reoperation for hem orrhage. All 
cases required orthodontic m anagem ent.
Hearing
Hearing was within the defined normal limits 
for all bu t two patients. O ne patient was severely 
impaired on one side (-40  clB) and required a 
hearing aid, and the o ther patient also had  a uni­
lateral loss; in this case, -30  dB.
However, 23 of 32 cases required  myringotomy 
insertion for m iddle ear effusion, and all the cleft 
subgroups were affected (Table 2). Interestingly, 
16 of the 32 cases required  multiple operations. 
These were all undertaken before the age of 10 
years except one (case 15); this patient developed 
middle ear effusion following maxillary advance­
m ent osteotomy and required myringotomy tubes 
on two occasions following her maxillary surgery. 
Curiously, this patient had no ear problem s in the 
8 years preceding h e r orthognathic surgery. Four 
patients required long-term ventilation tubes and 
two patients required reconstructive tympano­
plasty.
Table 7. Speech Anomalies during Growth
Case A rticulation VPI R esonance
1 No Yes Yes
2 Yes No Yes
S No Yes Yes
4 No Yes Yes
5 No Yes Yes
6 No Yes Yes
7 No Yes Yes
8 Yes Yes Yes
9 Yes No Yes
10 No No No
11 Yes Yes Yes
12 Yes Yes No
13 No Yes Yes
14 Yes Yes Yes
15 Yes Yes Yes
16 No Yes No
17 No Yes Yes
18 No Yes Yes
19 Yes Yes Yes
20 No Yes Yes
21 No No Yes
22 No Yes Yes
23 No Yes Yes
24 No Yes Yes
25 No Yes Yes
26 Yes Yes Yes
27 No No No
28 No Yes Yes
29 No Yes Yes
30 Yes Yes Yes
31 No Yes Yes
32 Yes Yes Yes
VPI, velopharyngeal insufficiency.
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Fig. 1. (Above, left and right) The patient in case 7; preoperative age, 3 months; anteroposterior and 
lateral views. {Below) The unoperated cleft affecting the soft palate.
Orthognathic
Four o f 32 patients underw ent orthognathic 
surgery. All four subgroups were affected. O f 
these, one underw ent maxillary advancem ent 
alone, whereas one case required  bimaxillary (ad­
vancement) orthognathic, surgery. In addition, 
two patients required  m andibular surgery alone. 
One case underw ent genioplasty 3 m onths after 
bimaxillary surgery. The one case requiring ad­
vancem ent also requ ired  augm entation of the ma­
lar em inences with onlay bone grafts. O f all the 
patients with nonsyndrom ic isolated cleft palate, 
just a single case requ ired  maxillary advancement. 
The cephalometric. analyses at skeletal maturity 
before any orthognathic surgery was undertaken 
are shown in Tables 3 through 5.
Speech
The speech outcomes were that 18 of the 32 
cases were judged  to be within normal limits at. skel­
etal maturity (Table 6). Some of these cases judged 
to be within normal limits still had persistent, but 
m inor errors. Although 11 of the 17 female patients 
(65 percent) achieved normal speech, only seven of 
the 14 male patients (50 percent) managed to attain 
this. However, using Fisher’s exact test, this was not 
statistically significant. Overall, the speech outcome 
did not appear to be related to any of the cleft palate 
subgroups in this series.
Speech therapy was recom m ended for 23 of 
the 32 patients (72 percent) at some time during 
their m anagem ent (Table 6). This applied to 11 of 
17 female patients and 12 o f 15 male patients. 
Again, using Fisher’s exact, test, there was no sta­
tistically significance differences between the 
sexes. Three cases declined therapy, and the dis­
tance from  hom e to the treatm ent center was a 
factor in all of these cases.
W ithin the female group, 10 cases underwent, 
therapy. These included a range of speech anom ­
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Fig. 2. The patient in case 7; age, 5 years; anteroposterior and lateral views.
Fig. 3. The patient in case 7; age, 10 years; anteroposterior and lateral views.
alies. The indications for therapy were resonance 
in four cases, articulation in three cases, velopha­
ryngeal insufficiency in two cases, and language 
one case. W ithin the m ale cohort, there was a 
range of indications for intervention, and  in total, 
10 cases underw ent therapy. The indications were 
articulation in three cases, velopharyngeal insuf­
ficiency in three cases, resonance in two cases, and 
language in two cases. The speech pathology will 
now be considered in m ore detail, reviewing in 
turn articulation, velopharyngeal insufficiency, 
and resonance.
Starting with articulation, it. is readily apparent 
that during the period of m anagem ent, the pres­
ence of articulation errors was fairly com m on, with 
11 of die 32 patients affected (Table 7). There are 
no differences between the sexes. Most o f these 
(five of 11 cases) had associated problem s of neu­
rom otor dysfunction or hearing loss. The term 
“neurom otor dysfunction” was applied to cases of 
slow m otor development, with resulting hypoto­
nia, which affected velopharyngeal integrity. O f 
the rem ainder, three cases had compensatory pat­
terns associated with velopharyngeal insufficiency,
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Fig. 4. (Above, left and right) The patient in case 7; age at skeletal maturity, 16 years, at completion of the protocol m anage­
ment. (Below, left) The dental occlusion at completion of orthodontics. (Below, right) The appearances of the repaired palate.
and an additional three cases had S /Z  lateraliza­
tion.
Velopharyngeal insufficiency was very com­
mon during  childhood. It occurred in 27 of 32 
cases (86 percent) at some point during develop­
ment. and  occurred equally in both the male and 
female group. However, there was a tendency for 
velopharyngeal insufficiency to present in boys at 
approximately 3 years of age, whereas it appeared 
later in girls, at approxim ately 12 years of age. 
M anagem ent included therapy, pharyngoplasty, 
or tonsillectomy.
Ten of the 32 patients underw ent pharyngo­
plasty or augm entation of the posterior pharyn­
geal wall with an im plant. Four of the 10 patients 
had a single intervention, whereas the rem aining 
six patients requ ired  m ultiple interventions, the 
maximum being four interventions in the patient
in case 18. In total, 16 operative interventions were 
recorded. The first intervention was an orticochea 
pharyngoplasty in four cases, a superiorly based 
pharyngeal flap in three cases, and a pharyngeal 
implant to augment, the posterior pharyngeal wall 
also in three cases. The distribution o f the cases 
requiring pharyngoplasty was as follows: three 
cases had isolated clefts of both  the hard  and soft 
palates, three were in the Pierre Robin group, one 
was submucous cleft palate, and die rem aining 
case (case 32) had  a syndromal chrom osomal 
anomaly with intellectual delay.
The outcom e after pharyngoplasty was that 
three cases achieved speech ju dged  to be within 
“norm al limits.” O f the rem aining cases, two were 
almost, normal. The rem aining four cases had dif­
ferent anomalies: hypernasality and air escape; 
lateralization of sibilants; and finally the worst, case
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Fig. 5. (Above, left and right) The patient in case 19; preoperative age, 6 months; anteroposterior and 
lateral views. (Below) The unoperated wide cleft palate associated with Pierre Robin sequence.
(case 32), a patien t who had difficulty with artic­
ulation and was only m oderately intelligible with 
persistent nasal escape. Regarding the two cases 
with less than norm al speech who declined pha- 
ryngoplasty, in one (case 13) the speech was 
judged to have mild audible escape, and the other 
(case 16) had m oderate velopharyngeal insuffi­
ciency. Overall, judg ing  the outcom e of all 32 
cases, even those in which the speech results were 
judged to be within norm al limits, many still had 
mild articulation errors.
Finally, again reviewing all 32 cases, resonance 
was similarly very com m on at some stage during 
development in both male and  female patients, 
with 28 of the 32 patients affected. In female pa­
tients, two cases were unaffected, 11 of 17 (64 
percent.) were ju d g ed  to have a mild anomaly, and 
four of 17 (24 percent.) were m oderately or se­
verely affected. In male patients, two were unaf­
fected, seven of 15 were mildly affected, and four 
of 15 (27 percent) were m oderately or severely 
affected.
DISC U SSIO N  
The m anagem ent of cleft, palate from birth to 
skeletal maturity requires an enorm ous am ount of 
resources and dedication by a multidisciplinary 
team. We believe that optimal m anagem ent is 
achieved by the adherence to treatm ent protocols 
by a dedicated multidisciplinary team.
The patients in this cohort have all been m an­
aged by a single surgeon (D.J.D.) and  reflect a 
group treated by protocol m anagem ent. This co­
hort. is continually increasing as further cases at­
tain maturity.
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Fig. 6 . (Above, left and right) The patient in case 19 at skeletal maturity; age, 16 years; anteroposterior and lateral views. [Below, 
left) The dental occlusion (she did not want correction of the Instandlng upper right lateral incisor). [Below, right) The appear­
ance of the repaired palate.
Reviewing these outcomes, it is apparent that 
the am ount of facial growth is unpredictable and 
does n o t correlate with the anatom ical severity of 
the cleft. The low incidence of orthognathic sur­
gery (in a un it where orthognathic surgery is rou­
tinely undertaken  in appropriate clinical situa­
tions), com bined with the results of the 
cephalometric. studies, suggests that, there is not an 
association between the m ethod of repair (two- 
flap pushback technique) and the inevitable de­
velopment. of maxillary hypoplasia. It has been 
suggested that the two-flap pushback m ethod of 
palate repair be abandoned because of the effect 
on subsequent midface growth.5 This report also 
confirms ano ther recen t study suggesting that sat­
isfactory long-term m id facial growth can be 
achieved using this m ethod  of cleft palate repair6 
(Figs. 1 th rough 6). The reliability of this m ethod 
of palate repair is apparen t from  the low fistula 
rate, with just, two of 32 patients requiring an ad­
ditional operative intervention for this.
It is also interesting to com pare the low inci­
dence of orthognathic surgery in this study widi 
that of die previously published study of complete 
unilateral cleft lip -cleft palate,2 which similarly 
found a low incidence of orthognathic surgery at 
skeletal maturity. The final midface growth at skel­
etal maturity appears to be difficult to predict. 
Examination of the different, subgroups in this 
series fails to identify any relationship between 
midface growth and  the severity of the original 
cleft.. Review of the Pierre Robin subgroup is par­
ticularly interesting because only one case (case 
16) required orthognathic surgery. This patient 
had undergone tem porom andibular jo in t recon­
struction in childhood following infection, which 
clearly would have influenced subsequent facial 
growth. Significantly, detailed cephalom etric 
analysis of the m andible at skeletal maturity found 
no evidence that the Pierre Robin group ulti­
mately had significantly smaller m andibles when 
com pared with nonsyndrom ic cleft, palate cases,
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given that, the existing literature contains conflict­
ing results.7-9 Overall, the cephalom etric studies at 
skeletal m aturity reveal a tendency for maxillary 
and mandibular hypoplasia when com pared with 
normal population values.
The importance of achieving adequate hearing 
in patients with cleft palate  has long been  
recognized.10 In our series, only one case had a 
unilateral m oderate hearing loss and another had 
unilateral mild hearing loss, which overall is a satis­
factory outcome. However, for this outcome to have 
been achieved, 23 of 32 cases required myringot­
omy, the majority of whom required multiple pro­
cedures. This suggests that our treatm ent protocol, 
with its regular otolaryngologic, assessment is war­
ranted. We note, however, that others have argued 
that there are few long-term benefits of ventilation 
tubes in the cleft palate population.11 O ur out­
comes also confirm a recent long-term study that 
concluded that conservative management of otitis 
media in cleft palate was associated with a poorer 
outcome.12
Speech outcom e was ju d g ed  to be within nor­
mal limits in 18 of 32 cases overall. However, all the 
different cleft palate subgroups had patients who 
had suboptimal speech. The worst two cases of 
speech outcom e (cases 15 and  32) both  had poor 
neuromuscular function.
Pharyngoplasty was required  by 10 of the 32 
cases, and each o f the subgroups was affected. 
However, most of these cases occurred in the 
Pierre Robin group. However, exam ination of the 
data revealed that m ost cases requiring a pharyn­
goplasty were treated  in the early part of this study 
and that this has becom e less frequently required. 
It is notable that there were o ther adverse factors 
present in those patients requiring m ultiple sur­
gical interventions for pharyngoplasty, which in­
cluded hearing im pairm ent, late repair, and in­
tellectual delay.
The use of nasendoscopy has allowed dynamic 
visualization of the velum and pharyngeal wall and 
resulted in the tailoring of pharyngeal surgery. 
This policy has residted in the use of orticochea, 
superior pharyngeal flap pharyngoplasties, and 
posterior pharyngeal wall im plants when indi­
cated. Examples of each of these types of pharyn­
goplasty recjuired subsequent m odification on oc­
casion. The posterior wall im plant only required 
revision in one case, and we speculate that is at­
tributable to our use of preoperative m arking dur­
ing nasendoscopy.13 The implants used were of 
homologous costal cartilage, which have been re­
ported by others to be a good op tion ,14 and were 
not. associated with any operative complications.
The protocol for m anagem ent of speech re­
quires regular review by the dedicated speech pa­
thologist during childhood. We think this is par­
ticularly im portant, as speech does not become 
stable until 10 years of age.15 This accounts (in 
part) for the fact that cases of velopharyngeal in­
sufficiency treated conservatively up to this age 
may improve spontaneously. We speculate that 
stabilization of hearing function and m aturation 
of m otor speech may also be contributing factors.
The relationship between type of surgical re­
pair and outcome of speech rem ains uncertain. It 
has been reported  that there is no difference be­
tween the two-flap pushback approach and the 
von Langenbeck repair,16 whereas others have re­
ported significantly better speech outcom e in pa­
tients who had a two-flap pushback repair rather 
than a Furlow double Z-plasty.17 A lthough these 
cases have produced an overall satisfactory result, 
some disappointing outcomes rem ain.
C O NC LU SIO N S  
The outcom e of treatm ent at skeletal maturity 
by a protocol m anagem ent and dedicated cleft 
team, with surgery undertaken by a single sur­
geon, of a cohort, of isolated cleft palate cases is 
presented. The results presented are encourag­
ing, and further cases will provide additional data 
while review and refinem ent of the treatm ent pro­
tocol continues.
PeterJ. Anderson, F.D.S.R.C.S. (Ed.)
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TH ERAPEU T IC
Background: T h e optim al m an agem en t o f  c left lip -c le f t  palate patients pres­
en ts a form id ab le  ch a llen ge  to the c left su rgeon . T his is especia lly  so  in  the case  
o f  b ilateral c left l ip -c le ft  palate, an d  the long-term  m a n a g em en t in  a m ultid is­
cip linary settin g  is essential. T his study presents the results o f  d ie  specific  
m a n a g em en t p ro toco l at the Australian C raniofacial U n it for p atien ts w ith  
bilateral c le ft l ip -c le f t  palate w ho have co m p le ted  their p ro to co l treatm ent 
u n d er  th e  care o f  a sing le  su rgeon  (D.J.D.) d u rin g  the p er iod  1974 to 2006. 
Methods: A  retrospective study o f  the o u tco m es in  relation  to facia l grow th, 
sp eech , hearin g , and  occ lu sion  is p resen ted  o f  patien ts w ith b ilateral c left 
l ip -c le f t  palate.
Results: N in e teen  cases w ere id en tified  from  the d ep artm en ta l database, 12 
m ale p atien ts and  seven  fem ale  patients. Six patien ts w ith severe craniofacial 
d eform ities w ho had  b ilateral c left l ip -c le f t  palate w ere ex c lu d ed . C ephalo- 
m etric  analysis at skeletal m aturity id en tified  that a m ajority o f  cases had  m idface  
hyp op lasia  requ irin g  m id face ad van cem en t in  14 cases. S p eech  and  h earin g  
o u tco m es w ere w orse w hen  com p ared  with o th er  c le ftin g  types.
Conclusion: Overall, these results dem onstrate that facial growth is m ore affected  
in  bilateral cleft lip -cleft palate patients than in  either unilateral cleft lip -c left palate 
or isolated cleft palate patients. (Plast. Reconstr. Surg. 128: 1, 2011.)
CLINICAL QUESTION/LEVEL OF EVIDENCE: Therapeutic, IV.
The Australian Craniofacial U nit in Adelaide has been m anaging cleft lip -c le ft palate pa­tients with a consistent multidisciplinary 
treatment protocol since 1974 under the direction 
of the senior au tho r (D.J.D.). The protocol is sum­
marized below.
From 1974 to 2006, there were a total of 19 
patients who had com pleted their m anagem ent 
protocol from  birth to adulthood. The records of 
these 19 patients, including case notes, photo­
graphs, and radiographs, were exam ined and the 
notes recorded. Two representative cases are il­
lustrated in Figures 1 through 8.
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Birth
As soon as possible after birth, the patient and 
parents are evaluated by the cleft surgeon and the 
speech pathologist. The parents are educated 
about the details of the proposed protocol m an­
agem ent of the bilateral cleft lip -cleft palate, with 
an emphasis on the long-term m anagem ent from 
birth to adulthood. Feeding advice is given by the 
U nit’s speech pathologist and, importandy, the 
speech pathologist follows up the patien t on dis­
charge from  the maternity ward and is able to offer 
help and advice either in person or by telephone.
Preoperatively, the patient is again assessed by 
the speech pathologist along with the orthodontist 
and the cleft surgeon. Preoperative photographs 
are also obtained.
Disclosure: The authors have no financial interest 
to declare in relation to the content of this article.
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F ig - i -  Patient 1 at age 1 month: (left) anterior view and (right) worm's-eye view.
Fig. 2. Patient 1. Close-up view demonstrating the cleft.
First Year
The bilateral cleft lip repair was undertaken 
between 3 and  5 m onths o f age. Presurgical or­
thopedics in the form  of “cap and strap” was used 
in th re e o f th e  18 patients to attem pt to reduce the Fig-3- Patient 1 at age 4 years,
protrusion o f the prem axilla and prolabium  in 
those cases where in the surgeon’s opinion it fa­
cilitated muscle union. alar cartilages and nostrils. The dislocated alar car-
The lip repair was achieved using the Millard tilages were repositioned and held by a temporary
rotation advancement technique. The prolabium percutaneous nylon suture so that the domes were
was dissected free and the prolabial mucosa was used reapproximated and the caudal rotation overcome.
to fashion a sulcus. The muscle was mobilized widely The corrected intercartilaginous relationship was
and the lip was sutured in layers. Correction of the then secured with dissolvable sutures and the tem-
bilateral cleft nose was achieved through a partial porary nylon suture was removed. The nostrils are
intercartilaginous incision and mobilization of the supported with Silastic Koken splints. At the same
2
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Fig. 4. Patient 1 at age 14 years, before orthognathic surgery: Fig. 5. Patient 1 at age 16 years following orthognathic surgery
(above) anterior view, (center) worm's-eye view, and (below) lat- and rhinoplasty: (above) anterior view, (center) worm's-eye view,
eral view. and (below) lateral view.
time as the repair of the lip, under the same anes­
thetic, the otolaryngologist examines the ears and 
inserts myringotomy tubes as indicated.
The patien ts are  th en  reviewed at 1 week by 
the cleft surgeon and , u n d e r  a sho rt general 
anesthetic, the lip su tures are rem oved. They are 
then seen again 1 week la ter and  th en  again at 
6 weeks by the otolaryngologist if m yringotom y 
tubes were inserted .
The cleft palate was ideally repaired at 6 
m onths of age, using a modified two-flap palato­
plasty with muscle identification, dissection, and 
repair. Anterior fistulas are left from the incisive 
foramen to the alveolus, to be repaired at the time 
of the alveolar bone graft. During the same anes­
thesia session, otologic examination is undertaken 
and myringotomy tubes inserted as necessary. Oral 
fluids can be commenced immediately after surgery 
and arm splints are worn on an as-needed basis.
3
Plastic and  R econstruc tive  Surgery •  A u g u s t 2011
Fig. 6. Patient 2 at age 4 months.
The patients are again seen 1 week postoper- 
atively by the cleft surgeon and at 6 weeks by the 
otolaryngologist if myringotomy tubes have been 
inserted. The otolaryngologist will see the patient 
every 6 m onths until the ears are norm al and 
myringotomy tubes are no  longer required.
At 3 months after the palate repair, the speech 
pathologist reviews the patient’s speech and lan­
guage development. Review by the orthodontist is 
undertaken to oudine the protocol management 
during childhood. A 1-year photograph is obtained.
Second through Fifth Years
Annual review by the cleft surgeon is under­
taken. Nasendoscopy is performed at 5 years of age 
if indicated. Speech assessment is undertaken at 1.5, 
2.5,3.5, and 4.5 years of age. The cleft lip-cleft palate 
multidisciplinary meeting is attended at 1.5 and 4.5 
years.
Sixth through Twelfth Years
Annual review by the cleft surgeon is performed 
and otolaryngology review is performed every 6 
months if myringotomy tubes have been inserted; 
otherwise, review is performed every 12 months. The 
speech therapist reviews the patient at 8 and 12 years 
of age, and nasendoscopy is perform ed if indicated. 
Orthodontic review in conjunction with cephalo- 
metric radiographs is performed annually to mon­
itor facial growth and the development of the oc­
clusion. The multidisciplinary team meeting is 
attended at ages 8 and 12 years.
Audiometry
H earing levels of less than 20 dB are consid­
ered to be within the norm al range, m ild loss is 
between 20 and 30 dB, and significant loss is con­
sidered to be greater than 30 dB.
Orthodontic and Alveolar Bone Grafting
Assessment is perform ed at 4.5 years when pri­
mary dentition is complete. At 6 years of age, study 
models are used to record and assess the devel­
oping occlusion, and radiographs are used to as­
sess the num ber, morphology, and position of the 
developing secondary dentition.
At approximately 8 to 9 years of age, the upper 
arch is expanded to align the upper incisors and to 
provide access for alveolar bone grafting. Rapid max­
illary expansion is carried out over a 3- to 4-week 
period to establish the contour of the upper arch. 
Bone grafting to both alveolar clefts is performed at 
the same time. Cancellous bone is harvested from 
the iliac crest; bilateral gingival mucoperiosteal flaps 
are raised; lining flaps are formed back to the incisive 
foramen; a curved fragment of cortical bone is used 
to fashion the floor of the pyriform aperture and 
used as a buffer against which to pack the cancellous 
bone and the bone chips are packed into the alve­
olus, nostril floor, and anterior maxilla; and the graft 
is extended onto the lateral aspect of the pyriform 
aperture to support the alar bases on both sides. The 
bone graft is three-pronged, extending posteriorly to 
the incisive foramen, laterally onto the maxilla, and 
inferiorly to form the alveolus. At 13 years of age, 
orthodontic treatm ent is undertaken to align the 
dental arches and, if indicated, prepare them  for 
orthognathic surgery.
Orthognathic Surgery
At approximately 17 or 18 years of age, final 
assessment of the facial pattern is carried out. 
H and/w rist radiographs are used to help estimate 
that growth is complete, and lateral cephalogram s 
and study models are used to help plan any pro­
posed orthognathic surgery. The orthodontic  ap­
pliances are used for control of the occlusion dur­
ing surgery and retained to “fine tune” any m inor 
occlusal discrepancies. Once they have had their 
orthognathic surgery, the patients are reassessed 
after a postoperative period of approxim ately 3 
m onths with regard to the necessity of a forward 
sliding genioplasty to correct a recessive chin 
point. At this time, any deficiency of the philtral
4
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Fig. 7. Patient 2 at age 15 years, before Abbe flap: [above, left), anterior view, [above, right), lateral 
view, and [below] close-up.
area of the u pper lip can be reconstructed with an 
Abbe flap from  the lower lip. O nce all this is com­
plete, the nasal deformity in bilateral cleft patients 
is corrected with a rhinoplasty or septorhinoplasty.
Speech Evaluation
All assessm ents and  reviews were conducted  
by two sen io r speech  pathologists based in the 
W omen’s and  C h ild re n ’s Hospital Craniofacial 
Unitwith extensive experience in managing patients 
with cleft lip-cleft palate. Reliability was established 
by comparing ratings from recorded speech samples 
made during a patient’s scheduled reviews in accor­
dance with the U nit’s protocol.
Speech was evaluated on the param eters of 
articulation, resonance, velopharyngeal compe­
tence, and intelligibility. The speech outcom e at 
skeletal m aturity was given a rating in accordance
with a revised Great O rm ond Street Speech Pathol­
ogy Assessment and Universal Parameters Ratings 
for reporting speech outcomes in cleft palate1 as 
follows: articulation (consonant production errors), 
resonance (hypemasality, hyponasality), and nasal 
air emission (Table 1). A speech intelligibility rating 
was assigned to all patients to report the final speech 
outcome in this study as an indicator of the effec­
tiveness of daily communication.
Nasal emission was evaluated by m irror mist­
ing testing and rated  according to consistency and 
audibility. Nasendoscopy with lateral videofluoros­
copy was perform ed in those cases of suspected or 
actual velopharyngeal incom petence. Dynamic 
testing was carried out using a split-screen simul­
taneous view with lateral videofluoroscopy and a 
rigid Storz f m m  nasendoscope (Karl Storz, Tut- 
tlingen, Germany), as described previously.2
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Fig. 8. Patient 2 at age 23 years: {above, left) anterior, (above, right) lateral, (below, left) close-up, and 
(below, right) occlusion views are shown.
RESULTS
During the 32-year period from  1974 to 2006, 
the senior au tho r (D.J.D.) com pleted the U nit’s 
multidisciplinary treatm ent protocol from  birth to 
maturity on a total of 19 patients with bilateral d e ft 
lip-cleft palate. The age range at com pletion of 
their protocol o f treatm ent was 16 to 32 years, and 
there were 12 m ale and seven female patients. The 
deft lips were repaired  between 3 and 12 m onths 
of age. The vast majority o f patients (n  =  17) had 
their lip repaired  at approxim ately 4 m onths of 
age. One had the lip repaired at 12 m onths, as he 
had undergone m ultiple previous failed lip adhe­
sion procedures before being referred  to the Aus­
tralian Craniofacial Unit. The m ean age of bilat­
eral cleft lip repair was 4.2 m onths. The cleft 
palates were repaired  between 7 and 16 months, 
with a m ean age at repair of 12 months.
The vast majority of patients, 79 percen t (15 of 
19), no t surprisingly, had an an terior palatal fis­
tula. This was usually corrected at the time of 
alveolar bone grafting.
All of the patients underwent alveolar bone 
grafting, with only one patient requiring a repeated 
bone graft to achieve a satisfactory result. The alve­
olar bone grafting was carried out between 8 and 18 
years of age, with a mean age of 10 years. One patient 
had the alveolar bone graft at 18 years of age, and this 
timing was the patient’s choice.
From an otolaryngologic point of view, only two 
patients did not require myringotomy tubes, with the 
remaining 17 patients requiring insertion on at least 
one occasion. Six of theses patients needed repeated 
insertion of the myringotomy tubes because of extru­
sion or loss of the first set. All of the patients had 
hearing within the normal range on audiometry.
6
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Table 1. Revised Great Ormond Street Speech Pathology Assessment and Universal Parameters Ratings
Assessment T ool Description




0 N orm al consonants
0-1 No CTCs
A nterior oral CTCs: dentalization, lateralization, palatalization, double
1 articulation
2 Posterior oral CTCs: backing to velar, backing to uvula
3 N onoral CTCs: pharyngeal articulation, glottal articulation
4 Passive CTCs: w eak /nasalized /absen t pressure consonants, nasal realizations
5 D evelopm ental/phonologic errors
6 O th e r misarticulations
Universal Param eters Ratings
Resonance
Hypernasality





0 A bsent/w ithin norm al limits
1 Present
Nasal air em ission a n d /o r  nasal
tu rbu lence
0 N one/w ith in  norm al limits
1 Present
Intelligibility
0 W ithin norm al limits: speech is always easy to understand
1 Mild: speech is occasionally h a rd  to understand
2 M oderate: speech is often hard  to understand
3 Severe: speech is hard  to understand  most o r all o f the time
CTCs, c le ft type ch arac te ris tic s .
Speech
The speech outcom es are summ arized in Ta­
ble 2. Fourteen o f the 19 cases (74 percent) were 
judged to be within norm al limits at skeletal ma­
turity, with the rem aining five cases having mild 
difficulties only with speech intelligibility. Some of 
these cases judged  to be within norm al limits still 
had persistent bu t m inor articulation and reso­
nance distortions.
Speech therapy was recom m ended for nine of 
the 19 patients a t some time during their m an­
agement for a range o f speech anomalies. The 
indications for therapy were articulation in seven 
cases, resonance/velopharyngeal insufficiency in 
four cases, and early childhood language delay 
in two cases. Two patients required  intervention in 
more than one area. Speech outcom es will now be 
considered in m ore detail in terms of articulation, 
velopharyngeal insufficiency, and resonance.
Articulation
During the period o f m anagem ent, the pres­
ence of articulation errors was com m on, with 18 of 
the 19 patients affected at some stage during the 
course of their m anagem ent. Most of these (15 of 
19) presented with an terior cleft type character­
istics associated with their occlusion (i.e., dental- 
ization, lateralization, a n d /o r  palatalization). Two 
cases had posterior and nonoral cleft type char­
acteristics associated with velopharyngeal insuffi­
ciency (i.e., backing, pharyngeal, a n d /o r  glottal 
articulation). Three cases presented with develop­
mental articulation substitutions, and two cases dem­
onstrated labialization of fricatives in association 
with their class III occlusion. At skeletal maturity and 
completion of their treatm ent protocol, five patients 
were evaluated as having a mild articulatory disorder 
(anterior oral cleft type characteristics: dentaliza- 
tion, labialization, palatalization, and residual devel­
opmental articulation errors).
Resonance
Distortions were similarly com m on at some 
stage during development, with 15 of the 19 pa­
tients affected. M anagem ent of hypernasality in­
cluded speech therapy, fistula closure, and pha- 
ryngoplasty/posterior pharyngeal wall implant. 
M anagem ent of hyponasality included septorhi- 
noplasty. At completion of their treatm ent proto­
col, four patients were judged  to have a grade 0 
anomaly (norm al resonance) and 15 had a grade
7
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Table 2. Speech Outcomes*
Resonance Maxillary 
Advancement 









1 1 1 0 1 0 Yes plus fistula Yes Yes (PPWI)
2 1 1 0 1 1 Yes Yes No
3 0 1 1 0 0 Yes No No
4 1 1 0 1 1 Yes Yes Yes (SBPF)
5 0 0 0 0 0 Yes plus fistula Yes Yes (IW )
6 1 1 0 1 0 Yes plus fistula Yes No
7 1 0 0 0 0 Yes plus fistula Yes Yes (SBPF)
8 1 1 0 1 0 Yes Yes No
9 1 1 0 1 1 Yes plus fistula No Yes (PPWI)
10 5 1 0 0 0 Yes No No
11 1 1 0 1 1 Yes Yes Yes (SBPF)
12 0 2 0 0 0 No N /A No
13 1 0 1 0 0 No N /A No
14 3 1 0 1 1 Yes No Yes (SBPF)
15 1 1 1 1 0 Yes plus fistula No No
16 1 1 1 1 0 No N /A No
17 5 1 0 1 0 Yes Yes Yes (SBPF plus 
réoperation)
18 1 0 0 0 0 Yes No No
19 1 0 0 0 0 Fistula closure N /A No
CTCs, cleft type characteristics; VPI, velopharyngeal insufficiency; PPWI, posterior pharyngeal wall im plant; SBPF, superiorly  based pharyngeal 
flap; IW , in travelar veloplasty; N /A , n o t applicable.
*The descriptions o f  the  ratings 1, 0, an d  2 are  as described in Table 1.
1 (mild) anomaly (hypernasality, n = 11; mixed 
nasality, n = 3; and hyponasality, n — 1).
Velopharyngeal Insufficiency
Audible nasal air emission and nasal turbu­
lence was also com m on during childhood. It oc­
curred in 14 of 19 cases at some poin t during 
development (five within norm al limits, 12 mild, 
and two m oderate). M anagement included speech 
therapy, fistula closure, and pharyngoplasty. Eight 
of 19 patients underw ent surgery for speech (su­
periorly based flap, O rticochea, intravelar velo­
plasty, or augm entation o f the posterior pharyn­
geal wall with an im plant).3
In five of these patients, the velopharyngeal 
incompetence occurred after the Le Fort I max­
illary advancem ent orthognathic surgery. The fi­
nal outcom e after surgery for speech was that 14 
cases achieved speech judged  to be within normal 
limits, whereas five had m ild problem s with speech 
intelligibility (Table 2).
Orthodontics. A class III malocclusion was pres­
ent in 17 of the 19 patients, and the rem aining two 
patients had a class I occlusion (Table 3). O f those 
with a class III malocclusion, 14 underw ent or­
thognathic surgery and the rem aining three pa­
tients declined the offer of surgery. Bimaxillary 
surgery was perform ed on six patients (Le Fort I 
maxillary advancem ent and sagittal split m andib­
ular setback), and eight patients underw ent max­
illary advancem ent alone. Simultaneous augm en­
tation of the hypoplastic midface region with 
onlay bone grafts taken from  the inner table of the 
iliac crest was perform ed in 13 of the 14 orthog­
nathic surgery patients.
Final Surgery. Nearly all patients (17 of 19) re­
quired a rhinoplasty to correct the significant nasal 
deformity associated with these bilateral cleft pa­
tients. In all but one case, this was accomplished by 
means of an open approach. Simultaneous correc­
tion of the deviated septum (i.e., septorhinoplasty) 
was performed in 11 of the 17 rhinoplasty cases.
U pper lip augm entation was necessary in a 
total of eight cases. An Abbe flap was used to 
reconstruct the deficient philtral region and to 
allow a degree of lengthening of the columella, 
which was used to give a m ore appropriate nasal 
tip projection (Figs. 6 through 8).
Overall revision surgery in the form  of, for 
example, scar revision or tidying up of the nose or 
lip was perform ed with between one and five pro­
cedures, with a m ean of 2.3 procedures per pa­
tient. After completion of their orthognathic sur­
gery, three patients had a forward sliding 
genioplasty to complete the im provem ent in their 
facial profile (Table 4 and Figs. 2 through 5).
Dental All patients had varying degrees of miss­
ing upper teeth. In  the majority of cases, this was 
addressed with partial upper dentures, but five 
patients were either waiting for, or had fitted, os- 
seointegrated im plant retained dentures.
8
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Table 3. Maxillary and Mandibular Positions at Skeletal Maturity
Patient SNA (Degrees) SNB (Degrees) ANB (Degrees) Occlusion Class Orthognathic Surgery Onlay Bone Graft
1 68 72 -4 III Maxillary advancem ent Yes
2 73 76 -3 III Bimaxillary Yes
3 83 83 0 III Bimaxillary Yes
4 66 69 -3 III Bimaxillary Yes
5 78 74 4 III Bimaxillary Yes
6 75 71 4 III Maxillary advancem ent Yes
7 80 80 0 III Maxillary advancem ent Yes
8 80 82 -2 III Maxillary advancem ent Yes
9 77 71 6 III Maxillary advancem ent Yes
10 86 82 4 III Maxillary advancem ent Yes
11 69 70 -1 III No Yes
12 78 78 0 I No Yes
13 66 68 -2 I No Yes
14 87 92 -5 III Bimaxillary Yes
15 71 73 -2 III Maxillary advancem ent Yes
16 75 79 -4 III No No
17 78 70 8 III Maxillary advancem ent Yes
18 67 75 -8 III Bimaxillary Yes
19 75 73 2 III No No
SNA, sella, nasion, p o in t A angle; SNB, sella, nasion, p o in t B angle; ANB, SNA -  SNB.
Table 4. Secondary Surgery*
Patient Genioplasty Septorhinoplasty/Rhinoplasty Abbe Flap to Upper Lip No. o f  Revisions
1 No Septorhinoplasty No 4
2 No Rhinoplasty No 1
3 No No No 1
4 No Septorhinoplasty No 2
5 Yes No Yes 3
6 No Septorhinoplasty No 2
7 No Rhinoplasty No 1
8 No Septorhinoplasty No 2
9 Yes Septorhinoplasty Yes 2
10 No Rhinoplasty No 3
11 No Rhinoplasty No 1
12 No Rhinoplasty No 2
13 No Septorhinoplasty No 2
14 No Septorhinoplasty No 3
15 No Septorhinoplasty No 2
16 No Septorhinoplasty No 5
17 Yes Septorhinoplasty Yes 3
18 No Septorhinoplasty No 3
19 No Septorhinoplasty No 1
*Genioplasty, rh inoplasty , an d  A bbe flap.
The tre a tm e n t p ro toco l is exem plified  by the 
photographs o f a typical case shown in Figure 1. 
This p a tien t dem onstra tes the trea tm en t from  
birth with a b ila teral cleft palate to skeletal ma­
turity. She req u ired  co rrec tion  o f the bilateral 
cleft lip a t 4 m on ths o f age and  repa ir of the 
palate at 11 m on ths o f age. Alveolar bone graft­
ing was pe rfo rm ed , and  she req u ired  a superi­
orly based pharyngoplasty. Speech was reco rded  
as norm al a t com pletion  o f h e r trea tm en t p ro ­
tocol. She had  a Le F ort I maxillary advance­
ment, onlay bone  grafts to the  cheeks, and  sub­
sequent lip revision and  open  septorhinoplasty  
to com plete h e r  surgery.
DISCUSSION
The patient with a bilateral cleft-cleft palate has 
a much more complex deformity to correct com­
pared with the unilateral cleft. The challenge to the 
surgeon and the cleft team is not only to restore the 
form and function of the lip, nose, and palate, but 
(critically) to remove the stigma of the cleft.
The cleft lip and primary nose deformity were 
repaired at the same time at a mean age of 4.2 
months, and the technique was consistent for all the 
patients in the study. The palate was repaired at a 
mean age of 12 months using the two-flap palato­
plasty technique. All patients with complete clefts 
had an anterior fistula. However, this was corrected
9
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at the time of alveolar bone grafting. Despite the 
large bony defect to reconstruct, only one patient 
required two separate bone grafting procedures to 
fill the defect. There is significant maxillary hypopla­
sia in patients with bilateral cleft lip-cleft palate, and 
this is reflected in the relatively high percentage of 
patients undergoing orthognathic surgery to correct 
the dentoskeletal discrepancy. Seventy-three percent 
of patients underwent orthognathic surgery. This com­
pares with 30 percent in the previous studies by the 
senior author4 in the unilateral cleft lip-cleft palate 
group and 13 percent in the isolated cleft palate 
group.5 This is understandable, as the tissue deficit in 
bilateral clefts is greater than in the other two groups.
Overall, evaluating the speech outcomes of all 19 
cases with bilateral cleft lip-cleft palate, although 
the majority were judged  to be within normal limits, 
many still had mild articulation errors. These com­
monly featured anterior oral cleft type characteris­
tics (i.e., dentalization, lateralization, a n d /o r  pala­
talization). Midface advancement osteotomies at 
skeletal maturity were perform ed in 14 cases, which 
is higher than the unilateral cleft lip-cleft palate 
cases or the isolated cleft palate cases but reflects the 
Unit’s philosophy of removing the stigmata of the 
cleft. Of the eight patients who required pharyngo- 
plasty, five had the velopharyngeal incompetence 
treated by means of Le Fort I maxillary advancement 
orthognathic surgery. The osteotomy rate is rela­
tively high because the goal of m anagement is full 
function and removal of the stigma of the cleft. The 
authors believe that this is the appropriate goal. If 
orthognathic surgery is required to achieve this, it 
should be done, so osteotomy rates should not be 
used as a measure of the success of the cleft program.
An anterior palatal fistula was p resent in 15 of 
19 cases. Surgical closure o f fistulas in eight pa­
tients resulted in im proved speech intelligibility 
(reduced nasal emission and  hypernasality, with 
stronger high-pressure consonant profile).
The Abbe flap for correction of the secondary lip 
deformity provided a very satisfactory cosmetic re­
sult. The upper lip requiring an Abbe flap often had 
a combination of a central vermilion deficiency, 
short vertical height, scarring, and a short pro­
labium. The Abbe flap was used in a total of eight 
patients (42 percent) to very good effect when com­
bined with an open rhinoplasty, the prolabium be­
ing advanced into the columella and the cross-lip 
flap filling the residual defect (Figs. 6 through 8).
The rationale for sparing the alveolar and post- 
alveolar region in the early cleft repair is that it leaves 
a virgin field for the alveolar bone graft, which the 
authors see as a vital step in bringing about full 
dentofacial function, speech function, and harmo­
nious facial aesthetics. The tradeoff is the presence 
of the postalveolar fistulas for a num ber of years. The 
discussions about the worth of different cleft proto­
cols abound with arguments around the compro­
mises that are made vis-a-vis speech versus facial 
growth. What is clear from this and the preceding 
birth-to-maturity studies from the Australian Cranio­
facial Unit is that function can be m aintained/re­
stored and the stigma of the cleft removed; however, 
the burden of treatment for the patient with bilateral 
cleft lip-cleft palate is significantly increased.
CO NC LU SIO N S  
The patients in this study have all been m an­
aged by a single surgeon (D.J.D.) and have fol­
lowed a strict protocol m anagem ent u nder the 
guidance of a multidisciplinary cleft lip -cleft pal­
ate team. This cohort of patients is continually 
increasing in size as fu rther cases reach maturity.
We believe that the treatm ent protocol at the 
Australian Craniofacial U nit is effective and helps 
patients with bilateral cleft lip -c left palate to be­
come norm al functioning m em bers of society by 
having the twin objectives of full restoration of 
function and removal of the stigma of the cleft. 
However, in bilateral cleft lip -c left palate, there 
can be little doubt that these rem ain challenging 
cases in which to achieve our m anagem ent goals.
Peter John Anderson, F.D.S.R.C.S., F.R.C.S. 
D epartm en t o f Craniofacial Surgery 
A ustralian Craniofacial U nit 
72 King William S treet 
N orth  Adelaide 
Adelaide SA 5006, Australia 
haem ro2@ hotm ail.com
P A T IE N T  C O N SE N T  
Patients provided written consent for the use of their 
images.
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Mandibular Lengthening by Distraction for 
Airway Obstruction in Treacher-Collins 
Syndrome: The Long-Term Results
Peter J. Anderson, MD, FDSRCS(Ed), FRCS(Eng), FRCS(Plast) David J. Netherway, PhD 
Amanda Abbott, PhD Mark Moore, FRACS David J. David, MD, FRCS(Ed), FRCS(Eng), FRACS
North Adelaide, Australia
Mandibular len gth en in g  b y  distraction w as per­
formed in a 6-year-old severely  affected Treacher- 
Collins syndrom e patient w ho w as tracheostomy 
dependent. A s previously  reported, this procedure 
permitted tracheostom y rem oval once distraction  
was complete. N ow  that the patient is skeletally  
mature, the long-term  results o f this intervention  
are reported w ith  regard to h is  clinical outcom e and 
an assessment o f the anatom ical changes in  the up­
per airway during growth. A lthough the distraction  
could be considered a success in  that it enabled  
permanent decannulation and im proved the m in i­
mum cross-sectional area o f the upper airway, there 
was no further increase in  the m in im um  cross- 
sectional area o f the upper airway during child­
hood growth. It is  sign ificant that the abnormal 
growth pattern o f the m andible, w h ich  is character­
istic of this syndrom e, d id  not alter from its preop­
erative pattern once distraction w as com pleted.
Key Words: Airway obstruction, mandibular length­
ening, Treacher-Collins syndrome
Case R eport
A  6-year-old white boy with severe Treacher- Collins syndrome, who had been tracheostomy 
dependent since the age of 10 months (Fig 1), under­
went bilateral mandibular distraction osteogenesis. 
This was done using bilateral external devices. Dis­
traction of 1 m m /d  was undertaken for 20 days, fol­
lowed by 6 weeks of consolidation. The immediate
From the A u s tra lian  C ran io facia l U n it, W o m en 's  a n d  C h ild ren 's  
Hospitals, U n iversity  o f A d ela id e , N o rth  A dela ide , S ou th  A u s tra ­
lia.
Address co rre sp o n d en ce  a n d  re p rin t req u ests  to  D r A nderson , 
Australian C raniofacial U n it, W o m en 's  a n d  C h ild ren 's  H osp ita l, 
72 King W illiam  R oad, N o rth  A dela id e , S o u th  A u stra lia  SA 5006, 
Australia. E-mail: haem ro2@ hotm ail.com
increase in mandibular length and the resulting 
change in profile are shown (Fig 2).
Fig 1 Frontal and lateral v iew s of the patient before d is­
traction at the age of 6 years, w ith  his tracheostomy in  situ.
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Fig 2 Frontal and lateral v iew s of the patient after dis­
traction at the age of 7 years.
The patient then underwent investigation after 
trial occlusion of his tracheostomy with oximetry 
and formal sleep studies. These were satisfactory, 
and he subsequently underwent formal decannula- 
tion as we have previously reported.1
Our initial report1 identified that he maintained 
a safe airway for 18 months. Shortly after this time, 
however, he gradually developed signs of sleep ap­
nea and upper airway obstruction, which was con­
firmed by polysomnography when investigated.
This has been managed by a continuous posi­
tive-pressure airway mask for nighttime use. The pa­
tient has not required any other form of intervention 
to improve his airway management, however. He 
has been kept under regular review, and serial com­
puted tomography (CT) scans have been used to
Fig 3 Frontal and lateral v iew s of the patient at the age of 
17 years.
monitor his facial growth, especially upper airway 
and mandibular growth.
He has now reached skeletal maturity (Fig 3). 
Definitive orthognathic surgery in the form of bimax­
illary surgery is planned once preparatory orthodon­
tics have been completed.
D i s c u s s i o n
Treacher-Collins syndrome is a clefting condition in which upper airway anomalies, including 
pharyngeal hypoplasia, are well recognized.2,3 Be­
cause of the micrognathia that is a feature of severely 
affected individuals with the syndrome, there is a 
high risk of sleep apnea,4 which has been reported to 
be as high as 25%. The potential for using distrac­
tion to improve the upper airway has been recog-
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nized since distraction of the craniofacial skeleton 
was first reported.6
Our initial report highlighted the fact that the 
airway improved after distraction to the extent that 
the patient could be decannulated. This initial clini­
cal improvement has also been reported by other au­
thors in cases of Treacher-Collins syndrome7,8 as 
well as Nager syndrome.8
Although others have attempted to measure the 
airway before and after distraction surgery in 
Treacher-Collins syndrome,9 we prefer to measure 
the airway using the reconstructed images from 
three-dim ensional CT scans. D eta iled  three- 
dimensional CT scans were undertaken immediately 
before and after distraction and a further four times 
(up to 10 years) after surgery. These studies have 
enabled investigation of the upper airway in three 
dimensions and assessment of the results of the dis­
traction process, which are shown in two dimensions 
using the midline sagittal cut in serial CT scans (Fig
4).
These results have been analyzed with respect to 
the critical value of the minimum cross-sectional area 
of the upper airway and have been compared with 
normal patient data. The level at which the minimum 
cross-sectional area occurred in the upper airway 
was not constant but changed during development. 
The results show that the minimum cross-sectional 
airway increased during the period of distraction but 
without reaching the age-adjusted normal value (Fig
5). The subsequent serial scans demonstrate that the 
minimal cross-sectional airway did not increase fur­
ther during normal childhood growth.
Similarly, measurements of the cross-sectional
Fig 4 M idline sag itta l cu ts o f serial com pu ted  tom ogra­
phy scans d em o n stra tin g  the changes in  the u p p e r  airw ay  
before d istraction  a n d  w ith  su b sequen t g row th .
Age (months)
F ig  5 D iagram  show s the changes in  the m in im u m  cross- 
sectional u p p e r airw ay. A lthough  th is increased  d u rin g  the 
d istraction  procedure , it has u ndergone  little change since 
com pletion  of d istraction . The cross-sectional area of the 
a irw ay  a t a fixed p o in t (bottom  of C2 verteb ra l body) is 
also show n and  com pared  w ith  no rm al data.
area at a fixed point of the upper airway (base of C2 
vertebral body) also demonstrated that there was no 
increase at this level in the cross-sectional area dur­
ing growth. This longitudinal study clearly demon­
strates that skeletal growth fails to increase the cross- 
sectional area of the upper airway. We suggest that 
this is because the underlying pathology of Treacher- 
Collins syndrome is that of a clefting condition, 
which has inherent impaired growth potential, and 
this impaired growth potential remains unaltered by 
skeletal distraction.
Further detailed study of the pattern of man­
dibular growth after distraction was undertaken us­
ing wire frame reconstructions to study the growth 
pattern in three dimensions. Wire frame studies of 
the three-dimensional CT scans of the mandible and 
skull base were performed using the Persona soft­
ware package developed in the Australian Craniofa­
cial Unit.10 These reconstructions have shown that 
mandibular growth after distraction continued in the 
same pattern as before the intervention, with an ab­
normally high mandibular plane angle, which is 
characteristic of Treacher-Collins syndrome. This 
combination of an increasingly high mandibular 
plane angle and the failure of distraction to produce 
a long-term change in the growth pattern of the man­
dible in Treacher-Collins syndrome creates the skel­
etal basis for ongoing upper airway obstruction.
In conclusion, this case demonstrates that tire 
intervention using mandibular distraction has en­
6.1 years 6.5 years
9.0 years 14.3 years 17.3 years
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abled the airway to be improved such that the tra­
cheostomy has remained closed during the remain­
der of childhood. The initial improvement in the 
measured m inimum upper airway that occurred 
during distraction has not continued during skeletal 
growth, however, but has remained static. The clini­
cal consequences were the re-emergence of the 
symptoms of sleep apnea, which required treatment 
with a continuous positive-pressure airway mask at 
night.
This case report describes the long-term results 
of a single episode of mandibular distraction under­
taken for upper airway management in a case of se­
vere Treacher-Collins syndrome. The exact role for 
mandibular distraction in our treatment protocol for 
Treacher-Collins syndrome will be determined by 
additional long-term outcomes from larger studies.
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Treacher Collins Syndrome: Protocol Management 
From Birth to Maturity
James T. Thompson, MD, *  Peter J. Anderson, FRACS, f  and David J. David, AC, FRACSf
Background: Management o f patients with Treacher Collins syn­
drome is complicated and involves multiple disciplines working in 
concert to achieve a common outcome. This article reviews the 
experience at the Australian Craniofacial Unit and describes the 
protocol for management.
Methods: Fifty patients were treated during the last 30 years. The 
records of these patients were reviewed to establish what interven­
tions they required and how these fit into a protocol for management. 
Results: The protocol for management o f Treacher Collins syn­
drome can be divided into 3 epochs. In the first epoch from birth 
to age 2, airway and feeding problems were the main focus. Four 
patients required tracheostomy. O f these, 1 died and the others re­
ceived mandibular distraction. Flearing is evaluated and addressed 
early. Eleven patients (23%) required repair o f a cleft palate.. In the 
second epoch (aged 2-12 y), speech therapy is critical as is a focus 
on integrating into the education system. During this epoch, recon­
struction o f the upper face was performed either with bone grafts 
or with vascularized bone flaps. Both required repeat bone grafts 
later. In the third epoch (aged 13-18 y), orthognathic surgery was 
performed. Revision surgery and further bone grafting were per­
formed again at around age 18. Patients reported being generally 
happy with their appearance and with few exceptions were able to 
complete education, gain employment, and feel socially accepted. 
Conclusions: Management o f patients with Treacher Collins syn­
drome should be through a multidisciplinary protocol to achieve 
good results while minimizing confusion and unnecessary surgery.
Key Words: Treacher Collins, protocol management, 
multidisciplinary
(J Craniofac Surg 2009;20: 2028-2035)
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Treacher Collins syndrome describes a complicated assortment of craniofacial malformations resulting in problems affecting the 
form and function o f the eyes, ears, nose, maxilla, palate, mandible, 
and airway. Although first described in 1889 by Berry,1 Treacher 
Collins’s2 later description in 1900 ultimately resulted in his epon­
ymous association with the syndrome. The scientific nomenclature 
most commonly used is mandibulofacial dysostosis, although this 
is not specific to Treacher Collins syndrome.
As a result o f the complex assortment o f deformities, it is 
deemed essential that each patient receives comprehensive multi­
disciplinary care for optimal outcomes. Because the incidence of 
Treacher Collins is only 1 in 50,000 live births,3 much o f the care of 
these patients is documented sporadically as clinical reports or de­
scriptions of operative interventions by the various specialties in­
volved. Therefore, the purpose o f this review was to examine the 
management o f patients with Treacher Collins syndrome during a 
30-year period from a broad perspective to determine what successes 
and failures occur along the way. Finally, this article will describe 
how best to organize the multiple disciplines involved and present 
a protocol for future management and assessment o f outcomes.
METHODS
Fifty patients were registered as patients at the Australian 
Craniofacial Unit in Adelaide from 1975 to 2005. All patients had a 
confirmed diagnosis o f Treacher Collins syndrome by the cranio­
facial team and clinical genetics. Patients were not included in the 
study if the diagnosis was uncertain. In addition, patients who were 
seen but did not have adequate records were excluded. Patient 
records were examined for clinical features, interventions, and 
outcomes.
RESULTS
Overall, 50 patients were treated during the period reviewed. 
Three of these patients had incomplete records and were not 
included in the study. O f the 47 included in the study, 23 were males 
and 24 were females. Fourteen patients were treated from birth to 
maturity; the remainder o f the patients were evaluated and treated 
either at a later stage of childhood or as adults. One patient died of 
septicemia at the age of 1 year. This patient was a severely affected 
individual and had undergone tracheostomy but had received no 
other surgical treatment. Another patient died in adolescence in a 
vehicle crash, making the syndrome-related childhood mortality 1 of 
47. Eight families had Treacher Collins syndrome, making up 20 of 
the patients seen, whereas 27 were new mutations.
The physical features and problems found in this patient 
group are listed in Table 1 and are generally consistent with other 
reports.3 The microform o f Treacher Collins is often difficult to 
detect. In several o f the families in our series, it was not evident that 
1 o f the parents was affected until a second affected child was bom. 
Based on our experience, the subtle evidence of deformity in the 
microform state is most evident around the zygoma with very mild
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TABLE 1. Features of Treacher Collins Syndrom e and  
Incidence Noted in this Series of Patients
Feature n %
Downslanting palpebral fissures 47 100
Malar hypoplasia 44 94
Mandibular hypoplasia 42 89
Hearing disability 42 89
Malocclusion 41 87
Auricular deformity 40 85
Middle ear deformity 40 85
Speech problems 34 74
External auditory canal deformity 30 64
Absent eyelashes 29 62
Lacrimal deformity 27 57
Airway compromise at birth 22 47
Epiphora 20 43
Lower eyelid coloboma 20 43
Visual disability 16 34
Palatopharyngeal incompetence 14 30
Pierre Robin sequence 14 30
Cleft palate 11 23
Otitis media requiring tubes 9 19
Obstructive sleep apnea beyond childhood 9 19
Ptosis 7 15
Choanal atresia 5 11
Macrostomia 5 11
Ear tags 4 9
Cleft lip 1 2
Inner ear deformity 0 0
downslanting palpebral fissures and depressions in the zygomatic 
body (seen in the older patient in Fig. 1).
Airway Management
Previously, the airway management strategy used by this unit 
for retrognathism was published.4 The focus is on managing the 
airway with positioning, nasopharyngeal airway, or positive pressure 
masks, using tracheostomy only as a last resort. No neonatal di­
straction or tongue-lip adhesions were performed. In this series, 
4 patients required tracheostomy during infancy. One patient died 
at 1 year from septicemia related to a pulmonary infection and was 
the only patient to die in this series from a disease-related problem. 
Three were decannulated after mandibular distraction osteogenesis 
had been performed (Table 2). Two other patients required emer­
gency tracheostomies later in childhood. One was a result o f food 
aspiration; and the other, an inability to intubate for elective surgery 
by a different hospital that did not routinely care for children with 
craniofacial deformities.
Airway problems can extend into childhood as well. Ten 
patients were found to have obstructive sleep apnea during their 
childhood years. O f these patients, 2 had no previous airway 
problems. Tonsillectomy and adenoidectomy was performed in 7 
patients, and 4 patients required continuous positive airway pressure 
(CPAP) beyond age 10. Bimaxillary advancement performed during 
the teenage years resolved the problem for 2 o f the 4 patients on 
CPAP, whereas the other 2 are still awaiting surgery.
Genetics
Only 4 of the patients treated at this unit had formal genetic 
testing because the diagnosis is usually clinically obvious and 
because of cost constraints. O f these 4, 2 were confirmed to have a 
mutation in the TCOF1 gene. In all, 57% of the patients were con­
sidered new mutations, whereas 43% were familial.
Ophthalmology
Patients with Treacher Collins syndrome experience a variety 
of periorbital and ophthalmological problems. In this series, 
downslanting palpebral fissures were noted in all 47 patients. 
Other deformities in decreasing incidence included absent medial 
lower lid eyelashes, lower lid lacrimal deformity, epiphora, lower 
lid coloboma, vision impairment requiring treatment, and ptosis. 
Although cataracts have been described in the literature,5 none were 
found in this series.
Absence of the lower lacrimal puncta lead to documented 
epiphora in 20 patients. No patient with epiphora required treatment 
other than routine eye care.
Ophthalmological problems included astigmatism, hyperme- 
tropia, and squint. Overall, 16 of the patients treated required either 
corrective lenses or surgery to improve their vision. Three patients 
were noted to have amblyopia.
Ears/Hearing
Almost all o f the patients in this series had a conductive 
hearing loss with only 1 patient having a mixed hearing loss. All 
patients were screened for hearing in infancy and then again during 
childhood when more formalized testing could be done. The hearing 
loss was categorized into normal (<20 dB), mild (20-35 dB), 
moderate (35-50 dB), and severe (>50 dB) by audiometry that was 
usually performed at age 3 and again around age 8. Of the 46 
patients who were tested for hearing, the distribution was as follows: 
normal (5 patients), mild (5 patients), moderate (6 patients), and 
severe (30 patients). All patients with hearing loss were given bone- 
conduction hearing aids.
Nine patients required tympanostomy tubes including 1 of the 
11 patients with a palatal cleft. The remainder o f the patients with 
cleft palate did not require tubes. One patient had a middle ear 
reconstruction with a ceramic ossicular chain. She was reported as 
having 15-dB gain but continued to require hearing aids.
External ear appearance was classified using the same 
auricular deformity classification previously published for hemi­
facial microsomia.6 Under this system, a normal ear is labeled A0, a 
small ear with malformation retaining the characteristic features is 
labeled A l, an ear with a rudimentary helix is labeled A2, and an 
absent pinna with a malformed lobule is labeled A3. Auricular 
deformity was present in 87% of the patients. The degree of hearing 
impairment was noted to correlate with external ear deformity as 
noted in Figure 2.
Speech
Speech abnormalities affected 34 of 46 patients evaluated. 
Typical speech problems included abnormal resonance dominated 
by hyponasality attributed to the size restriction in the nasal passages 
and oropharynx as well as hearing loss. Hypemasality was also 
noted in association with those children who had a cleft palate and 
velopharyngeal insufficiency. Articulation errors were found in 17 of 
46 patients and were attributed to the malocclusion with anterior 
open bite and retroglossa.
Treatment consisted of review by an audiologist and an 
otolaryngologist within the first year to evaluate and correct hearing 
loss where possible. After this, speech and language therapy was 
initiated as soon as possible. Particular attention was given to 
maladaptive patterns related to the abnormal oral anatomy. When
© 2009 Mutaz B. Habal, MD 2029
Thompson et al The Journal of Craniofacial Surgery » Volume 20, N um ber 6 , Novem ber 2009
FIGU RE 1. From left to right, 3 generations of Treacher Collins with increasing severity. The only feature noted 
patient w as the orbitozygom atic depression.
in the eldest
these patterns developed, the children were given exercises to correct 
these patterns and ultimately prepare them for orthodontic and 
orthognathic correction. All patients were able to achieve excellent 
speech results except one who was from an underdeveloped nation 
and had a severe hearing loss and was not treated until adulthood.
The incidence o f cleft palate was 11 o f 46 patients in this 
series. Patients who had a cleft palate were be unable to have a 
palatal repair at the typical time (<12 mo) because of the com­
plicated airway management. The average age at palate repair in 
this group was 2.1 years with only 1 patient having a cleft palate 
repair before 1 year o f age.
Early attention to feeding is also an important issue. Twenty- 
two of the patients in this series were noted to have some degree of 
feeding difficulty, which was attributed to respiratory problems. 
Nine patients required either nasogastric or gastrostomy feeding 
during the first year o f life o f whom 8 had cleft palates. In patients 
with the most severe conditions, there were also some problems with 
oral aversion or hypersensitivity.
TABLE 2. Airway O utcom es for Patients W ho  Required 
Tracheostom y in Infancy
Patient No. Decannulation Details
1 No Died at age 1 y from sepsis
2 3 y Distraction: 13-mm advancement
3 1 y Distraction: 15-mm advancement
4 6 y Distraction: 25-mm advancement
Psychosocial
On psychologic testing, 2 o f 46 patients evaluated were noted 
to have a nonverbal intellectual disability. Most o f the patients who 
had severe hearing loss also had trouble on the verbal examination, 
but this was not considered a true intellectual disability but rather a 
function of the hearing loss. It was part o f the protocol to have each 
child evaluated by the psychologist before starting school and then at 
least once again several years into school. Formal testing usually 
consisted of the Wechsler Intelligence Scale for Children or the 
Griffith Mental Development Scale.
O f the 14 patients who were treated in this unit from birth to 
maturity, 12 had successful social outcomes. They completed edu­
cation to year 12 and either have pursued further education/technical 
training or have begun employment. O f the 2 who did not achieve 
these goals, one had multiple medical problems and intellectual 
disabilities, whereas the other has had ongoing social/legal 
problems. Only 1 patient o f the 14 described teasing as a significant 
problem during childhood that was difficult to overcome.
Facial Reconstruction
In all, 33 of 46 patients underwent orbitozygomatic re­
construction. Before 1986, the primary method o f reconstruction 
was on-lay bone grafts to the deficient zygomatic area. Seven 
patients were treated during this period, 2 o f whom also had orbital 
osteotomies to advance the zygoma. One patient during this period 
received a vascularized bone flap based on the temporalis muscle. 
Between 1986 and 2000, 15 patients received the vascularized bone 
flap procedure and only 5 underwent on-lay bone grafting alone, all 
of whom were adults at the time of their primary reconstruction. 
Finally, in patients treated after 2000, 5 were treated with on-lay 
bone grafting and only 1 patient received a vascularized bone graft.
2030 ©  2009 Mutaz B. Habal, MD
jhe journal of Craniofacial Surgery • Volume 20, Num ber 6, Novem ber 2009 Treacher Collins Syndrome: Management
Ear Deformity and Hearing Loss
Hearing A0 A l A2 A3
% normal 83% 0% 0% 0%
% mild 17% 17% 4% 0%
% moderate 0% 26% 13% 0%
% severe 0% 57% 83% 100%
AO A l A2
FIGURE 2. The severity of external ear malformation correlated with hearing loss.
Ten patients were followed from birth to maturity in this unit, and 
their results are summarized in Table 3. In two-thirds o f these 
patients, a recurrent deformity was noted as seen in Figure 3. This 
required additional bone grafting and occurred whether the initial 
procedure was a vascularized bone flap or bone graft.
Treatment for the eyelid deformity consisted of musculocu­
taneous transposition flaps from the upper eyelid to the lower lid in 
28 patients. A lateral canthopexy was also performed to create a 
normal palpebral slant. This was done at the same time as the initial 
orbitozygomatic bone grafting procedure.
Surgical reconstruction of deformed ears depended on the 
severity. Of the 20 patients with either AO or A 1 ears, 5 underwent an 
otoplasty procedure to correct the overhanging helix and reduce ear 
prominence. Three o f the 26 patients who had type A2 or A3 ears 
underwent a staged reconstruction using rib cartilage at age 6, and 
1 patient had an osseointegrated prosthetic ear reconstruction, which 
was performed in adulthood. The remainder o f patients either chose 
no reconstruction or are awaiting reconstruction.
Orthodontic treatment and orthognathic surgery was per­
formed once dental development was complete. Nine patients were
treated with orthodontics and did not require orthognathic surgery. 
Ten others underwent orthognathic surgery. Two of these patients 
were also treated to relieve upper airway obstruction. Before surgery, 
all patients had an anterior open bite, which was corrected with 
either a posterior impaction or an anterior opening Le Fort I. This 
was usually combined with mandibular surgery to correct the 
horizontal malocclusion (Table 4). After surgery, all patients had 
correction of the open bite. The 2 patients with sleep apnea no longer 
required CPAP after surgery.
Seventeen patients had a sliding osseus genioplasty, and 11 
had a rhinoplasty. The rhinoplasty consisted o f reducing the dorsal 
hump and adding tip projection with cartilage grafts when needed. 
In 6 o f the patients who underwent rhinoplasty, a rib graft was used 
to reconstruct the nasal dorsum.
DISCUSSION
During the last 30 years, the Australian Craniofacial Unit has 
sought to organize and provide multidisciplinary care to patients 
with craniofacial deformities. Because patients with Treacher
TABLE 3. Initial Reconstructive Procedure and Subsequent Procedures in 10 Patients W ho  Had Reached Maturity at the Time 
of the Study
Patient No. Year Age, y Initial Orbitozygomatic Reconstruction Outcome
1 1980 4 Iliac crest graft, orbital osteotomies Vascularized bone flap at age 10, bone graft at age 21
2 1983 5 Vascularized calvarial bone flap Bone graft performed at age 14
3 1983 4 Calvarial graft No additional procedures
4 1984 4 Calvarial and rib graft Repeated bone graft at age 6, 13, 18, and 20
5 1986 7 Vascularized calvarial bone flap Bone graft at age 16
6 1988 4 Vascularized calvarial bone flap Required bone grafting at age 19
7 1989 6 Vascularized calvarial bone flap Required bone grafting at age 13, 15, 16, 19, and 21
8 1989 5 Vascularized calvarial bone flap No additional procedures
9 1990 5 Vascularized calvarial bone flap No additional procedures
10 1992 5 Vascularized calvarial bone flap Required bone grafting at age 15 and 17
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F IG U RE  3. Birth to maturity: Note the improved facial contour after the initial reconstruction using a vascularized temporalis bone  
flap followed by recurrence of the deformity and autologous bone grafting in adolescence.
Collins syndrome have a myriad of complex problems that are all 
interrelated, these patients are best treated through a centralized unit 
where all o f the various disciplines can coordinate their activities 
based on the overall picture o f a birth to maturity protocol. This 
review demonstrates the complexity of care that patients with 
Treacher Collins syndrome need and has led to the development of a 
protocol to help guide care in the future (Fig. 4).
The protocol for management used at the Australian 
Craniofacial Unit can be summarized in 3 epochs. During the first 
epoch from birth to age 2, the focus is on vital issues such as airway 
management and nutrition. Feeding difficulty and failure to gain 
weight are often the primary symptoms of airway compromise.7-9 A 
variety of interventions can be implemented including prone or side 
positioning, nasopharyngeal airway, and nasoenteric feeding.
TABLE 4. Procedures and Details in 10 Patients W ho  Underwent Orthognathic Surgery
Patient No. Age, y Occlusion Maxillary Procedure Mandibular Procedure
1 16 Class II div I, anterior open bite None Sagittal split osteotomies; 
7-mm advancement
2 13 Class II div I, anterior open bite Le Fort I; 5-mm posterior impaction Sagittal split osteotomies; 
4-mm advancement
3 17 Class III, anterior open bite Le Fort I; 4-mm advancement Sagittal split osteotomies; 
5-mm setback
4 18 Class III, anterior open bite Le Fort I; 10-mm advancement, 
posterior impaction
None
5 19 Class I, anterior open bite Le Fort I; 6-mm advancement/posterior 
impaction
C osteotomies; 6-mm 
advancement
6 15 Class II div I, anterior open bite Le Fort I; 5-mm advancement Sagittal split osteotomies; 
8-mm advancement
7. 22 Class II div I, anterior open bite Le Fort I; 5-mm advancement, 
posterior impaction
C osteotomies; 10-mm 
advancement
8 29 Class II div I, anterior open bite Le Fort I; 3-mm setback, 
posterior impaction
C osteotomies; 5-mm 
advancement
9 19 Class II div I, anterior open bite Le Fort I; 5-mm advancement, 
4-mm downward rotation
C osteotomies; 8-mm 
advancement
10 19 Class II div I, anterior open bite Le Fort I; posterior impaction Sagittal split osteotomies; 
7-mm advancement
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Treacher Collins Protocol -  Australian Craniofacial Unit
Newborn
Respiratory/Neonatal physician Respiratory management
Craniofacial surgeon Airway management, consideration o f distraction
ENT Airway management, consideration o f tracheostomy
Social work Introductory appointment, support for parents
Speech pathologist Initial appointment as soon after birth as possible to monitor feeding progress
A
First three months
Craniofacial surgeon Consultation regarding protocol managementCJ/•s Speech pathologist Review feeding progress, introduction to speech managementWo , Ophthalmologist Evaluate vision, comeal examMm
W
ENT and Audiology Check ears and arrange for hearing aid devices as needed
Craniofacial registrar Take relevant medical history details
C23 Dentist Discuss dental development and careU Photography Initial photos•M
r~r~ 1 Genetics Initial genetic counsellingf t Three months to second year
ENT Assessment 6 mo following surgery i f  grommets inserted; review at age 1 yr
Audiology Track hearing status, manage hearing aids
Ophthalmologist Yearly Review
Orthodontist Consultation to outline management protocol
Speech pathologist Review at 1 year to check speech and language development
Photography Yearly
Craniofacial surgeon Review; palate surgery i f  indicated
Second through fifth year
Respiratory Evaluation /  sleep study as needed
Ear, nose, throat surgeon Review yearly
Audiology Review as indicated
Dental Review yearly
Speech pathology Assessment at 18 mo, 2.5 yr, 3.5 yr, 4.5 yr
Radiographs Cephalometry at age 4.5 yr to plot facial growth
. f i Orthodontics Introduction-
Ophthalmologist Review yearly •
© Social worker /  psychologist Assessment and intervention as indicated
f t Photography Yearly, pre and post op
Craniofacial Surgeon Repair o f zygomatic/orbital clefts and eyelids
Craniofacial Clinic Attendance at age 18 mo and age 4 yr
fi Sixth through twelfth year
O Respiratory Evaluation as needed
ZJ




Ear, nose, throat surgeon Review yearly
Audiology Review as indicated
Speech pathology Assessment at age 8yr and 12 yr
Nasoendoscopy I f  recommended
Radiographs/ Photography Cephalometry yearly from age 6 yr
Social work Assessment and intervention as needed
Craniofacial surgeon Review yearly; otoplasty, touch-up surgery
Craniofacial Clinic Attendance at age 8 yr and 12 yr
- a
Thirteenth through eighteenth year
Respiratory Evaluation as needed
u Ophthalmology Review yearly




Ear, nose, throat surgeon Review yearly
T3 Audiology Review as indicated
U Speech pathology Review as indicated
2 Social work Review yearly
f t Radiographs Cephalometry yearlyL 1 Photography Yearly
Craniofacial surgeon Review yearly; Orthognathic surgery, Revision/ repeat bone grafting to zygomatic clefts
Craniofacial Clinic Attendance 18yr for final assessment
FIGURE 4. The Treacher Collins protocol at the Australian Craniofacial Unit.
Results here indicate that most airway problems can be managed 
with positioning or with a nasal airway. Once a tracheostomy 
has been placed, however, it was difficult to remove and required 
childhood distraction in all cases. Neonatal distraction was not used
here but could be considered in severe cases to avoid tracheostomy. 
In this series, 10 patients had breathing difficulties into childhood 
including 2 who had no problems in infancy. This illustrates the need 
for continued observation throughout development. Finally, the
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difficult airway in patients with Treacher Collins syndrome should 
not be underestimated. Experienced anesthetists play a critical role 
in the multidisciplinary care.
Hearing loss is another important issue that is addressed 
during the first epoch. Because 17% of patients with normal- 
appearing external ears still had at least a mild hearing impairment, 
external ear appearance should not influence audiometry screening. 
In fact, the more normal appearing the external ear, the more likely 
the child will benefit from an intervention such as tympanostomy 
tube placement. Middle ear reconstruction can be considered for 
patients with Treacher Collins syndrome if deemed feasible when 
the child is older. However, the goal o f ossicular reconstruction 
should be to achieve hearing without the need for aids, which was 
not accomplished in 1 patient who had this done in this series. Any 
otologic surgery planned should be performed by a surgeon familiar 
to the abnormal anatomy o f the facial nerve in Treacher Collins 
syndrome.10
Genetic counseling is offered to patients and families during 
the first epoch. Genetic testing is possible and has identified 
mutations from 48% to 93% of patients thought to have Treacher 
Collins depending on the how extensive the genetic screening and 
the clinical accuracy of the patient population tested.11-14 In this 
study, 2 o f 4 patients tested positive for the TCOF1 gene. Because 
this mutation is not present in similar conditions such as Goldenhar, 
Miller, or Nagar syndrome, the role o f testing may be best suited to 
patients who have an equivocal clinical diagnosis.13’15,16 Based on 
the cost o f testing, and the relative ease o f clinical diagnosis, genetic 
testing is not a routine part o f the Treacher Collins protocol.
The second epoch, from ages 2 to 12 years, focuses on 
speech, social development, and the primary surgical reconstruction 
o f the upper face. Facial reconstruction procedures for Treacher 
Collins syndrome have been described in detail before.9,17-20 In this 
series, a combination of autologous bone grafting and vascularized 
bone flaps was used. Neither technique produced lasting results, 
leading to repeated bone grafts in two-thirds of the patients. Most 
patients treated after 2000 underwent reconstruction using autolo­
gous bone grafts, and the protocol reflects the need for repeated 
grafting later in life. The lower eyelid deformity was also treated at 
this time using a musculocutaneous transposition flap from the 
upper eyelid to the lower combined with a lateral canthopexy. 
Although generally achieving the desired effect of protecting the 
cornea from exposure, the cosmetic results remain one of the most 
difficult aspects o f managing Treacher Collins.
Previously, it has been shown that the teasing craniofacial 
patients receive is not necessarily specific to their deformity or its 
severity.21 Nevertheless, when faced with criticism or teasing, most 
children have coped remarkably well.22 Therefore, the timing of 
surgical intervention in this protocol is not driven by teasing. 
Teasing can usually be managed through education of the parents, 
teachers, and peers o f the patients rather than deviation from the 
treatment plan. This helps them to understand what is happening at 
each point in development and eliminates unnecessary surgical 
interventions.
Speech and language development must be watched closely 
during this period. Generally, resonance and articulation problems 
improved with therapy, structural growth, and orthodontic correc­
tion. However, it is important to monitor articulatory proficiency 
from an early age to detect maladaptive compensatory patterns and 
intervene where appropriate.
In the third epoch, from age 12 to 18, the facial reconstruction 
is finished. During this time, orthognathic surgery, rhinoplasty, and 
genioplasty operations were performed. Ideally, these operations 
should be combined when possible, although when a Le Fort I 
osteotomy was performed, the rhinoplasty was performed separately. 
Because repeat zygomatic bone grafting is often required, it should
be performed in conjunction with other procedures. In this 
experience, all o f the patients undergoing orthognathic surgery 
required correction of an anterior open bite along with variable 
amounts o f horizontal malocclusion. The anterior open bite was 
corrected in all cases, and no patients required repeat surgery for this 
problem.
Formulating outcome goals for patients with such a wide 
variety of problems can be difficult. Nonetheless, it is critical to the 
overall management strategy to have a vision of what can and should 
be achieved throughout growth and development. Clearly, within 
each subspecialty, the outcomes will be dependent on the severity of 
the deformity. The goal o f therapy, however, is the same. Each 
patient should have an opportunity to overcome as much of the 
deformity as possible. In the future we plan to generate a survey of 
the protocols and outcome goals o f other units around the globe as 
we move forward in the benchmarking process through the 
International Society o f Craniofacial Surgery.
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Longitudinal outcome of pharyngoplasty
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A bstrac t Although early complication of airway obstruction 
following pharyngoplasty is well recognised, there have been few  
reports of late modifications following this procedure. We 
retrospectively review cases with late complications which have 
required either revision or division of an existing pharyngoplasty at 
the Australian Craniofacial Unit over the last twenty-five years. We 
assess the outcome of further surgical intervention In each case, 
with case note and nasendoscopy video review. Fourteen cases 
were identified where records were complete. There were 12 males 
and 2 females. The cases are a heterogeneous group of cleft lip and 
palate patients and include three cases with a diagnosis of Pierre- 
Robin sequence and one case with a cleft palate as part of an 
underlying syndrome. Those cases requiring flap division had 
undergone either superiorly or Interiorly based pharyngeal flaps in 
contrast to dynamic (Orticochea) pharyngoplasties which required 
revision. This series of cases demonstrates the need for thorough 
assessment and planned tailoring of the pharyngoplasty procedure, 
with ongoing review of speech and airway function. This 
management philosophy results in the acceptance that a 
pharyngoplasty may only be required for a limited period of time and 
ultimately may be redundant.
Introduction
The development and application of high- 
resolution endoscopy to the study of 
velopharyngeal function has revolutionized the 
management of velopharyngeal dysfunction 
(David & Bagnall, 1990). Prior to its availability 
standard surgical treatment of velopharyngeal 
incompetence (VPI) was confined to either flap 
or sphincter pharyngoplasty. Generally the 
chosen technique was based on fluoroscopic 
analysis of velopharyngeal activity and the 
surgeon’s clinical judgement and experience. It 
was then standard practice to leave the 
pharyngoplasty untouched except in the case of 
airway obstruction.
With improved imaging and visualization 
it has become possible to analyse all 
components of the velopharyngeal mechanism  
and tailor surgery to suit the dysfunction (David 
et al. 1982). Longitudinal experience by 
clinicians dedicated to achieving excellence has 
led to an understanding of the need for 
continued refinement. This is particularly so 
when initial velopharyngeal surgery is
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undertaken during childhood before the 
completion of growth and maturation of the 
motor speech system. We present fourteen cleft 
palate cases that had undergone 
pharyngoplasty and who have subsequently 
required either modification or had It taken 
down. We discuss their management, including 
the indications for further surgical intervention, 
and assess its outcome.
Materials and methods
Cases of cleft palate who had undergone 
revision or division of a pharyngoplasty were 
identified from the Australian Craniofacial Unit 
database. Case note review (along with video 
records of the nasendoscopy studies), were 
undertaken in all cases.
Results
Fourteen cases were identified where records 
were complete. Details of the cases presented 
are summarized in Table 1. There were 12 
males and 2 females. Seven cases had isolated 
cleft palate, 3 had submucous cleft palate, 2 had 
unilateral cleft lip and palate and 2 had bilateral 
cleft lip and palate. In addition, three cases had 
Pierre Robin sequence and 1 case had Stickler 
syndrome. Four cases had primary 
pharyngoplasty surgery at other centres. Those 
who had undergone Orticochea pharngoplasty
17
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1 m ICP Sup. Pharyngeal flap 4* D 10 6
2 f ICP-Stickler Sup. Pharyngeal flap 8 D 18 10
3 m ICP-PR Sup. Pharyngeal flap 5 D 14 9
4 m SMCP Sup. Pharyngeal flap 14 D 19 5
5 m UCLP Sup. Pharyngeal flap 10 D 31 21
6 m ICP Sup. Pharyngeal flap 5* D 11 6
7 m ICP Sup. Pharyngeal flap 10 R 16 6
8 m SMCP Orticochea 4 R 16 12
9 m BCLP Orticochea 7 R 18 11
10 m ICP-PR Orticochea 4 R 7,10,14 3, 3, 4
11 m ICP-PR Orticochea 10 R 17 7
12 f SMCP Orticochea 5 R 9 4
13 m BCLP Inf. Pharyngeal flap 17* D 39 22
14 m UCLP Inf. Pharyngeal flap 7* D 17 10
•Pharyngoplasty performed elsewhere 
Diagnosis: ICP = Isolated Cleft Palate
SMCP = Submucous Cleft Palate 
UCLP = Unilateral C left Lip and Palate 
BCLP = Bilateral C left Lip and Palate 
PR = Pierre Robin sequence
(Orticochea, 1968) required revision, while those 
with superiorly or inferiorly based pharyngeal flaps 
underwent division in all cases except one.
Discussion
There has been few reported cases about the 
need for revision following pharyngoplasty. We 
have identified a group of cases all of which 
initially benefited from their pharyngoplasty, with 
no case requiring any intervention in less than 
three years following primary surgery. This is 
different from reports from other centres where 
the initial surgery has failed (Ma et al. 1996) or 
required revision within two years of the primary 
surgery (Kasten et al. 1997, Pryor et al. 2006).
The cases presented in this series have 
had different indications for modification of their 
pharyngoplasty. The cases are heterogeneous 
cleft palate population and the only finding of 
note was that most of isolated cleft palates had 
the Pierre Robin sequence. However, this 
heterogeneous population can largely be 
divided into three groups as to the reason for 
further interventions: airway obstruction alone, 
speech difficulties (unresolved VPI), and 
combined airway obstruction with speech 
difficulties. Each case will be considered 
according to the indication for revision.
Group 1. The smallest group consisted of 
just one subject (case 5) who required 
modification to the pharyngoplasty due to a 
compromised airway. This subject had a 
repaired UCLP and at age 10. He underwent a 
superior pharyngeal flap following assessment 
of nasal air escape affecting speech and 
confirmed by nasendoscopy. He re-presented 
at age 30 with recent history of sleep apnoea 
requiring C-PAP. Speech was assessed as 
mildly to moderately de-nasal with no evidence 
of VPI or hypernasality. Nasendoscopy 
demonstrated severe nasopharyngeal
Figure 1: Case 5 Nasendoscopy age 31
demonstrating low attachment o f the superior 
pharyngeal flap at rest prior to division.
Group 2. The largest group which had a 
total of eight subjects who required surgical 
revision as part of their management of VPI 
(cases 4,7,9,10,11,12,13,14).
Case 4 in this group had a superiorly 
based pharyngeal flap at age 14 after 
submucous cleft palate repair. This young male 
had a mild intellectual deficit and considerable 
debate took place prior to recommending 
surgery as nasendoscopy demonstrated 
minimal muscular effort. His poor speech had 
contributed to his social isolation and severe 
expressive language difficulties. Eventually it
obstruction (Figure 1). The components of the 
velopharyngeal sphincter were noted to be 
functioning appropriately during speech and the 
flap was deemed redundant. He subsequently 
underwent division of the flap and on 
reassessment he no longer complained of 
snoring, did not fall asleep at work and the sleep 
study was normal.
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w as agreed that the purpose of the flap would 
be to partially obturate the isthmus, thus 
increasing vocal energy and loudness, providing 
this young man with more intelligible 
conversational speech. The desired outcome 
w as achieved but the flap w as divided four 
years later at the time of Le fort 3 maxillary 
advancement. Post-operative assessm ent 
including nasendoscopy did not demonstrate 
any deterioration, which have been previously 
noted (Harries et at. 1992).
C a se  7 had a superiorly based
pharyngoplasty following assessm ent of gross  
hypernasality and audible nasal air emission 
supported by observations at nasendoscopy. 
Post-operative hypernasality w as improved and 
a sse sse d  a s  mild. S ix  years later after speech  
deteriorated, the flap w as revised. Post­
operative a ssessm ent demonstrated mild 
denasality, no hypernasality but minimal nasal 
air em ission through a palatal fistula. The
patient declined further surgery.
Three c a se s  (9, 10 and 11) had
Orticochea sphincter pharyngoplasties 
performed at a ge s  4, 7 and 10 years 
respectively, with nasal air emission 
accom panying speech and a sse sse d  a s  ranging 
from mild to moderate. The surgery resulted In 
reduced nasal air em ission but none w as fully 
competent. C a se  9 underwent a superiorly 
based pharyngeal flap eleven years after the 
Orticochea in an effort to fine-tune the closure. 
C a se  10 had undergone two posterior 
pharyngeal wall implants, of which the second  
time w as with pre-operative tattooing (M aegaw a  
et at. 1998), coordinated with therapy for 
hypernasality. H is speech improved and 
a sse sse d  a s normal in resonance with effective 
sphincter closure. Speech assessm ent four 
years later demonstrated V P I and recurrence of 
hypernasality, which appeared to coincide with a 
period of teenage skeletal and soft tissue 
growth. Nasendoscopy demonstrated 
incompetence and he underwent a revision of 
the Orticochea pharyngoplasty and a short 
follow-up course of resonance therapy. Review  
one year later confirmed no nasal air emission  
or hypernasality. C a se  11 underwent 
nasendoscopy seven years after his Orticochea 
pharyngoplasty because his speech w as noted 
to be less intelligible. Endoscopy revealed the 
left flap had become detached. This was 
surgically re-positioned and his speech clarity 
improved.
C a se  12 w as referred for investigation of 
a speech disorder and subsequently diagnosed  
with a subm ucous cleft palate. She  underwent 
Veau-Wardill-Kilner cleft palate repair. Post- 
operatively nasendoscopy demonstrated a 
central defect but good lateral pharyngeal wall 
movement. On-going speech reviews reported 
limited speech improvement so  one year later 
the patient underwent an intravelar veloplasty 
and Orticochea pharyngoplasty. The following 
year increasing velopharyngeal incompetence 
and hypernasality w as noted. A  nasendoscopy
found the pharyngoplasty w as functioning well 
but the tonsils were large and inhibiting velar 
elevation. A  tonsillectomy w as performed. Post- 
operatively, although improved, speech featured 
nasal air emission on the production of high 
pressure oral phonemes. Two years later 
nasendoscopy demonstrated maintained 
function but the velopharyngeal gap w as 
significant and central pharyngoplasty w as  
recommended. This w as undertaken 2 weeks 
later and speech review four months post- 
operatively found tight velopharyngeal closure 
on demanding testing, marked improvement in 
intelligibility but persisting mild assimilative 
hypernasality. She  remains under review.
Two case s (13 and 14) had interiorly 
based central flaps. Both had primary early cleft 
management and pharyngoplasties in other 
centres (they first presented at 17 and 39 years 
of age respectively). Tethering of the velum w as 
observed at nasendoscopy in both cases  
(Figure 2), and both underwent division of the 
flap. Post-operative nasendoscopies clearly 
demonstrated improvement in velar activity with 
firm or touch closure. Speech assessm ent 
supported the finding of nasendoscopy and 
recommended therapy to decontaminate the 
speech of hypernasality. While there are a 
relatively large number of superiorly based  
pharyngeal flaps in this series (seven), this 
procedure w as commonly undertaken by the 
department during the period of study. In 
contrast the two case s of inferior pharyngeal 
flaps in this series were the only examples 
managed in the unit during the period of study. 
That both of these case s required division 
suggests that this flap could be particularly 
prone to requiring later modification.
Group 3. The five case s in this final group 
underwent surgery for combined airway and 
speech difficulties (cases 1, 2, 3, 6 and 8). C ase  
1 had a superior pharyngeal flap at age 4 years 
at another centre and nasal air emission and 
hypernasality were reportedly eradicated.
Figure 2: Case 13 Nasendoscopy age 39 years 
demonstrating the inferior pharyngeal flap at rest with 
its low attachment prior to division.
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Speech  a ssessm ent at this Unit at age 10 years 
revealed moderate to severe denasality and 
snoring. Nasendoscopy demonstrated a wide 
flap obstructing the nasopharynx and tethering 
the velum. All components of the mechanism  
worked well suggesting competence would 
probably be maintained if the flap w as divided. 
Speech a ssessm ent following division revealed 
no hypernasality, mild denasality and no 
detectable nasal air emission. Snoring was 
eradicated.
Figure 3: Case 2 Nasendoscopy at age 7 years 
dem onstrating large gap during speech.
C a se  2 had a superiorly based  
pharyngeal flap at age 8 following identification 
of a velopharyngeal defect during 
nasendoscopy (Figure 3). Post-operative
nasendoscopy w as satisfactory. The patient 
presented at age  18 for investigation of VP I and 
snoring. Nasendoscopy demonstrated a wide 
flap with small lateral ports compromising
breathing (Figure 4), and speech assessm ent 
identified a mixed resonance disorder with 
denasality and audible nasal air emission
accom panying sibilants. The pharyngoplasty
w as divided and post-operative speech  
asse ssm ent confirmed improvement with a 
reduction in de-nasal resonance and snoring, 
and an increased nasal airway for breathing.
Figure 4: Case 2 Nasendoscopy following
pharyngoplasty at age 17 years demonstrating 
dim inutive lateral ports at rest.
C a se  3 demonstrates issues inherent in a 
central flap pharyngoplasty in case s with a 
diagnosis of Pierre-Robin syndrome. This boy 
w as treated at another center and had his 
primary palate repaired at age  16 months and a 
pharyngoplasty due to severe velopharyngeal 
incompetence at age 5 years on the speech  
pathologist’s  recommendation. The surgeon  
chose to provide a superior pharyngeal flap. 
Over the next few years his speech improved 
with eradication of nasal air em ission but 
denasality gradually began to dominate his 
speech pattern. A  speech assessm ent nine 
years later in this unit when the patient w as 
aged 14 years identified severe denasality and 
reports of consistent severe snoring. 
Nasendoscopy demonstrated small ports and 
obstruction due to the flap. Five weeks later the 
flap w as divided and post-operative speech  
assessm ent at 3 months noted reports of clearer 
speech, a reduction in snoring, mild denasality 
and velopharyngeal competence.
C a se  8 first presented at age 4 years with 
an unrepaired subm ucous cleft palate. He had 
simultaneous palate repair and Orticochea 
pharyngoplasty. Six years later he gave a 
history of increasing denasality and underwent a 
nasendoscopy. Revision w as recommended
but not carried out. He presented twice more 
during childhood and received similar advice. At 
age 16 he finally underwent pharyngoplasty 
revision during which the Orticochea flaps were 
re-positioned superiorly. Post-operative
nasendoscopy and speech assessm ent
confirmed improved airway with adequate 
competence for speech and perceptible 
improvement to speech intelligibility. He remains 
under review.
The last case  in this group (C ase  6) w as 
again initially treated elsewhere. His soft palate 
cleft w as repaired at 6 months of age  and the 
un-repaired hard palate defect w as obturated, 
though not successfully, for speech. At age 5 
years he underwent hard palate repair and 
simultaneous central pharyngoplasty. Reported 
speech improvement but persisting 
velopharyngeal incompetence w as noted. He 
attended this Unit at age 10 years for an initial 
assessm ent that revealed de-nasal speech, 
hypernasality and nasal air emission. 
Nasendoscopy findings confirmed that the 
superior pharyngeal flap w as attached too low to 
be effective. Given that the patient had good  
lateral pharyngeal wall movement it w as 
decided to divide the flap at the sam e time as  
the palatal fistula w as repaired. Speech review 
ten months later reported no change in 
hypernasality or nasal air em ission but 
eradication of denasaiity and reliance on mouth 
breathing. He is due to undergo nasendoscopy  
to plan the next phase of management.
Conclusion
A series of heterogeneous group of cleft palate 
patients who have undergone pharyngoplasty
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and a subsequently required surgical 
modification were reviewed. Results showed  
that the surgery undertaken, superior (and 
especially) the inferior, pharyngeal flaps may 
become redundant and require taking down. 
However, the Orticochea flaps may require 
revision of the position of their flaps. Following 
these surgical interventions the speech has 
been improved but has not achieved complete 
resolution of sym ptom s in all cases.
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Trauma to the facial skeleton in children has been regarded as 
relatively uncommon in comparison to adults. There are differences in 
the shape and bone quality of the Craniofacial skeleton as well as 
differences in behaviour and activities to account for this. The 
differences in anatomy due to relative immaturity of the lower and mid 
face, the development of the dentition and the sinuses all impact on the 
fracture patterns and have a risk of long term growth disturbances 
affecting the craniofacial skeleton. Contemporary behavioural changes 
in western societies has included copying the violent behaviours of their 
elder peers. This has had a significant contribution on the incidence of 
injuries in young teenagers, where there has been a six fold increase in 
paediatric facial trauma at Adelaide Children’ s hospital during the 
period 2005 to 2010.
This series of papers looks at the aeitiology, incidence and patterns of 
facial fractures in children. They also consider the implications for 
management as a result of the different facial anatomy in children, and 
highlight the potential for disturbances in facial growth which although 
is well established follow owing fractures of the mandibular condyle1, is 
poorly recognised following fractures in other parts of the facial
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skeleton, and may not become apparent for several years after the initial
injury.
1. Treatment of Fractures of the mandibular condylar processes in 
Children (1965)
MacLennan WD, Simpson W. British Journal of Plastic Surgery 18: 
423 - 427.
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CHAPTER THREE - PAPERS
The first paper is a ten year review of paediatric fractures presenting 
to a children’ s regional trauma centre. It had the advantage in that all 
facial injuries were treated at this centre, but they were managed by six 
different surgical disciplines. All departments agreed to participate in a 
unified study enabling an examination of the incidence, aetiology and 
fracture patterns sustained in a ten year period, producing a 
comprehensive study. This found nasal fractures the most common 
injury, which are often excluded in other reviews. Overall, there was a 
much higher than expected incidence of associated injuries. The detailed 
study was selected for citation in the 1995 year book of 
Otolarynogology, and has since been cited over 50 times by later 
authors studying pediatric facial injuries.
The second paper is two case reports of orbital floor fractures in 
young children and demonsrates the pattern of orbital floor injuries in 
children where the maxillary sinus development is immature and the 
resulting orbital floor bone much thicker. The history, clinical signs and 
surgical management of these unusual cases are reviewed.
The third paper is a demonstrates that localised growth anomalies can 
occur in the mandible following a fracture at a site other than the 
condyle. In these cases parasymphyseal fractures in children where the 
fracture involves the developing canine tooth which is close to the
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lower border of the mandible. These subsequently develop localised 
overgrowth which disturbes chin point position and can be treated by a 
genioplasty at skeletal maturity.
The fourth paper is a report of an unusual aeitiology for an injury in an 
infant where the bones of the facal skeleton are thin and fragile. In this 
case facial fractures were produced as a consequence of a dogbite 
which would not be expected to produce such injuries in an adult. It 
highlights the need for high index of suspicion of injury and careful 
evaluation in children.
The fifth  paper is a demonstration of the difficulties in conventional 
radiological examinations in attempting to establish the full extent of 
injuries in a child. The plain radiology failed to identify a number of 
fractures and failed to demonstrate the full extent of other fractures. 
This case used high resolution CT scanning to aid diagnosis and so 
enabled comprehensive treatment. It highlights that CT assessment of 
injured children w ith complex injuries may be necessary for accurate 
diagnosis.
The sixth and final paper is a review of an injury which had received 
little attention prior to its publication. Medial blow out injuries have only 
become well recognised in adults w ith the advent of CT scanning. In 
children there had been only isolated reports but this report of the 
clustering of seven cases in two years in one centre suggests the true 
incidence is much higher than the current published literature suggests.
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The histories, clinical findings and management of are reviewed and act 
as a guide for clinicians to suspect this fracture pattern in other injured 
children.
In summary these papers widen the knowledge of the presentation and 
aetiology of apparently uncommon injuries, and demonstrate that 
growth disturbances can occur after fractures other than the mandibular 
condyle. However, further prospective studies are required to evaluate 
the risks of such fractures resulting in a growth disturbance during 
development.
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Fractures of the facial skeleton in children
P. J. Anderson
Royal H ospital for Sick Children, Edinburgh, Scotland, UK
Fractures of the facial skeleton in children are uncommon. This study 
presents the results of 139 children who sustained a total of 161 such 
fractures and were admitted to the Royal Hospital for Sick Children, 
Edinburgh, between January 1983 and December 1992.
The male to female ratio was 3:1 and the highest incidence was at 
age 10 years. Analysis of fracture patterns showed that despite 
differences in anatomy, the fracture patterns were similar to those 
occurring in adults, but the relative proportion of each fracture type 
was different in children. Nasal fractures occurred most frequently (54 
per cent), mandibular fractures constituted 30 per cent, and middle 
third fractures only 16 per cent.
Falls, sporting injuries and road traffic accidents (RTA) were the 
major causes of these injuries. Injuries sustained in RTA were most 
likely to have involved cyclists or pedestrians in contrast to earlier series 
which have identified these injuries mainly among car passengers.
No deaths were recorded and most patients made a complete 
recovery, although a few required secondary surgery for complications. 
This taken in conjunction with the findings of both high numbers of 
associated injuries, and increased severity commonly occurring in both 
mandibular and middle third injuries leads to the suggestion that these 
should be treated in centres where multidisciplinary management can 
easily be coordinated.
Injury, 1995, Vol. 26 , 47—50, January
Introduction
Fractures o f the facial skeleton  are uncom m on in child­
hood, in com parison both w ith other bones o f the body  
and with the incidence in adults. This is thought to be due 
in part to the relatively smaller size o f the face and the 
elasticity o f the b o n es1. W ith the developm ent o f the 
dentition w ithin the smaller jaw s o f a child, and of the 
paranasal sinuses during childhood, it m ight be expected  
that the patterns o f fracture w ould  be different to those  
occurring in the adult skeleton.
Within the UK the treatm ent o f these injuries is w ithin  
the remit o f several surgical specialties and w hich specialty  
is involved in m anagem ent m ay depend on local circum­
stances. W ithin this hospital the fo llow in g  surgical 
specialties w ere in volved  in the m anagem ent o f facial 
fractures: paediatric surgery, plastic surgery, maxillofacial 
surgery, ENT surgery, op th a lm ology  and neurosurgery. 
This fragm entation o f  care has been repeated at other 
centres and has resulted in an absence of published UK data 
on the overall incidence and ae tio lo g y  o f these injuries, 
although UK data relating to children has been included in 
some series o f mandibular and m iddle third fractures2 5.
The aim of this study w as to collect data pertaining to all 
children w ith fractures of the facial skeleton from a UK 
Centre, to look specifically at the nature, incidence and 
aetio logy  o f these injuries and compare the results w ith  
published data from other countries.
Methods
This retrospective study acquired data from this hospital's 
records departm ent for the 10 year period from 1 January 
1983 until 31 D ecem ber 1992. Patients w ho had a 
discharge coding o f facial fracture had their case notes  
review ed and, if a facial fracture was docum ented on  
physical findings or reported on radiographic investiga­
tion, were included in the study. W here the findings were 
unclear the radiographs w ere review ed and doubtful cases 
eliminated. O n e set o f case n otes had been destroyed and 
this too  was excluded from the study.
A t this children's hospital, patients w ere norm ally seen  
until their thirteenth birthday, after this age they w ould  be 
treated as adults in one of several centres. This centre had 
the advantage in that all children from South-East Scotland  
w ith facial injuries requiring inpatient care were treated 
here.
Results
O ne hundred and sixty-on e fractures o f the facial skeleton  
occurred in 139 patients during the period o f study. T w o  
patients were admitted tw ice during the period of study  
w ith different injuries and w ere counted as separate events. 
There w as little change in the incidence w hen different 
years w ithin the study w ere exam ined and no detectable 
seasonal difference w ithin each year. The age range was 
from 6 m onths to 13 years and 3 m onths. The exact 
incidence in relation to age can be seen in Table I, but it can 
be seen that the peak incidence w as at age 10 years w ith
Table I. Ages of children with facial fractures (N — 139)
Age N Age N
<1 2 7-8 15
1-2 2 8-9 15
2-3 8 9-10 14
3-4 8 10-11 19
4-5 4 11-12 15
5-6 9 12-13 15
6-7 10 13 + 3
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relatively few er cases (only 17 per cent o f the total) 
occurring in those aged 5 years and below . There was a 
marked difference b etw een  the sexes w ith  74 per cent 
occurring in males. This difference w as maintained in all 
fracture types.
The types o f injury sustained w ere divided into the 
following categories and the frequency o f each type is 
shown in brackets: nasal fractures (54 per cent), mandibular 
fractures (30 per cent) and m iddle third (excluding nasal) 
fractures (16 per cent). Five patients had m ultiple fractures 
occurring in tw o  categories, they have been counted on ly  
once as patients for overall numbers but each fracture has 
been included in the relevant ca tegory  w hen  exam ining  
fracture types.
Nasal fractures w ere noted  in 87  patients adm itted to 
the hospital som e o f w hom  w ere adm itted primarily for the 
treatment of other injuries. M andibular fractures occurred 
in 34 patients, producing a total o f 48  fractures. The types 
of fracture seen  w ere similar to those occurring in adults. 
The sites o f fracture are show n  in Table II. M iddle third 
fractures included those patterns occurring in adults. N o  
patient had m ore than one m iddle third fracture. Surpris­
ingly, the maxillary fractures w ere all o f the Le Fort 2 type  
but the numbers w ere small. H ow ever, all the m iddle third 
fracture types are found in the adult skeleton  but there was 
higher proportion o f isolated orbital fractures present than 
might have been expected  in an adult population. The full 
results show ing the incidence o f different types o f middle 
third fractures can be seen  in Table III. It is also notew orthy  
that only five o f the total o f 13 dentoalveolar fractures in 
this series occurred in the maxilla.
Associated injuries w ere recorded from the n otes and 
most com m only w ere head injuries and facial lacerations. 
However, w hile limb fractures (including humerus, radius, 
ulnar, metacarpal and phalanges in the upper limb, femur, 
tibia, fibula and calcaneum in the low er limb) and abdom ­
inal injuries (including ruptured spleen and liver laceration  
both requiring laparotom y) w ere noted, no chest injuries 
or cervical spine injuries w ere observed. W hen com paring  
the frequency and severity  o f associated injuries w ith the 
facial fracture type, it w as sh ow n  that these were m ost 
likely to be associated w ith mandibular fractures and to a 
lesser extent m iddle third fractures, as show n  in Table IV.
The ae tio lo g y  o f  each injury w as recorded from the 
patients' case n otes and the different causes are show n in 
Table V. Falls w ere the m ost com m on cause, closely  
followed by  sporting injuries and road traffic accidents. 
Closer study of the sports in volved  w as undertaken to  
establish com m on causes. W hile g o lf and horses were the 
most frequent causes a large number o f sports (total 13) 
were involved . T he results are show n  in Table VI. D etailed  
study o f the typ e o f the road traffic accident resulting in
injury are show n in Table VII. This revealed that these were 
largely occurring to  cyclists or pedestrians, w ith few  
injuries occurring to passengers in vehicles. It w as noted  
that neither o f the patients w h o  w ere riding m otor cycles 
were w earing safety helm ets.
Treatment in vo lv in g  operative surgical intervention  
was performed in 92 per cent of nasal fractures, 82 per cent 
middle third fractures and on ly  32 per cent o f mandibular 
fractures; the rest w ere treated non-operatively.







Total A /= 48 ; un ila tera l N =  20; 2 fractures N =  11; 3 fractures N = 2 .
Table III. Types of middle third fractures (total N =  26)
Le Fort 2 3
M alar 8
Isolated orb ita l rim 6
Dentoalveolar 5
Nasoethm oid com plex 2
Isolated antral w a ll 1
'B lo w  ou t' o rb ita l fracture 1




Traffic accidents 32 23
Assault 14 10
Playground 14 10





S w im m ing 3
Others (8  in to ta l) 11











21 (65% ) 9 15 6 2
Middle 1 /3  fracture 
A/=24
12(50% ) 8* 7 — —
Masai fracture 
/V=87
19(23% ) 6 9 4
Lac.= laceration.
Three cases had associated m and ibu la r fractures.
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The timing o f surgical intervention for nasal fractures 
was found to range from alm ost im m ediately fo llow ing  
admission to 16 days after injury. T he peak time for nasal 
manipulation w as w ith in  2 days o f adm ission, although  
there was a second peak at 7 days after injury; overall 72 
per cent were operated upon w ith in  7 days o f admission. 
One patient required re-operation and three patients were 
noted to have a less than ideal result w hich m ay require 
rhinoplasty once adulthood is reached.
The treatment o f the mandibular fractures w as related to 
displacement and stability. T hose fractures occurring at the 
body, sym physis or parasym physis, and w hich were 
displaced, proceeded to operative reduction. In the early 
part of the study this w as by  closed  reduction using a 
MacLennan splint w hich  fits over the teeth and is held in 
place by perimandibular w iring (total seven). Later on, 
these fractures w ere treated by  open  reduction with  
position maintained by  Luhr m iniplates (total four). T hose  
occurring at the neck o f the condyle w ere treated non- 
operatively b y  soft diet, the occlusion  being satisfactorily 
maintained in all cases. T hose at other sites w hich were 
undisplaced and stable w ere treated in a similar manner. 
The dentoalveolar fractures w ere treated by  reduction and 
splintage using a p o lyp ropylene dental splint to  maintain 
position.
Middle third injuries w ere largely treated w ith the same 
method as in adults. T he maxillary fractures w ere treated 
with arch bars, circum -zygom atic w iring and intramaxil- 
lary fixation. The depressed malar fractures w ere elevated  
via Gillies' tem poral approach but the procedure was 
modified in that a H ow arth's periosteal e levator substi­
tuted for a Bristow's elevator. T he nasoethm oidal com plex  
injuries were treated by  open reduction, w hile the 'blow  
out' fracture had early exploration o f the orbital floor and 
silastic implant. T he isolated orbital rim injuries and the 
antral wall fracture w ere treated non-operatively. The 
dentoalveolar fractures w ere treated in the same w ay  as 
those occurring in the mandible, and w ere described in the 
previous paragraph.
While no deaths are recorded, a variety o f clinically 
significant long-term  com plications fo llow ing  injury were 
noted. These included persistent leakage of cerebrospinal 
fluid requiring tw o  craniotom ies 1 year after injury, and 
persistent diplopia 4 years fo llow in g  injury and thought 
unlikely to im prove. Facial scarring was sufficiently severe 
in one case to be still under treatm ent 8 years fo llow ing  
injury (and w hich had already been  the subject o f four 
operative interventions). Infected facial w iring required 
removal 6  years after surgery. Persistent periorbital sw ell­
ing due to a blocked tear duct required dachrorhinocysto- 
tomy 2 years after injury. N o  long-term  disturbances in 
facial grow th are recorded in this series but few  patients 
have had long-term  fo llow  up.
Discussion
This study  confirm s findings from  earlier stud ies th a t facial 
fractures in ch ild ren  are u n co m m o n  and  th a t there  has been
no change in their incidence in the period o f the study. N o  
seasonal differences in incidence w ere noted  and this 
contrasts w ith a previous investigation  o f  mandibular 
fractures w hich found these to occur m ost com m only in 
summer6. H ow ever, there is little com parative data cur­
rently available and the im portance of this is unclear but 
m ay reflect the different mechanism o f injury.
The finding that nasal fractures w ere the m ost com m on  
injury at 54 per cent is similar to previous studies outside  
the UK. In 1972, H all7 looked at all fractures o f the facial 
skeleton in M elbourne, Australia, and Kaban et al.8, in 
1977, studied these injuries in Boston, USA.
The preponderance of males w ith  fractures o f the facial 
skeleton o f all types (the actual m ale:fem ale ratio w as 3:1  
in this study), is in keeping w ith m ost earlier studies of 
facial fractures. The excep tion  is mandibular fractures 
w hich have been variously reported from having an equal 
sex  distribution8,9 to  a m ale:fem ale ratio 3 .5 :1 10. This 
reflects differences in the cause of injury in those fractures 
sustained in RTA w hich in this study (with its m ale:fem ale 
ratio o f 3 :1) mainly affected cyclists or pedestrians. 
H ow ever, in the studies w here the mandibular fractures 
w ere mainly sustained by  car passengers, the sex  distribu­
tion was equal.
The age o f peak incidence of facial fractures is difficult to  
compare as different studies have used different upper age 
limits for their samples. In this study the peak incidence 
w as age 10 years, but all fracture types w ere m ore com m on  
in all those aged m ore than 5 years (only 17 per cent of 
fractures occurred in those aged 5 and below ). This finding 
has previously been ex ten sively  reported in a rev iew  of 
both mandibular fractures and middle third facial frac­
tures1. The peak incidence at age 10 years is younger than 
the peak incidence of 13 years in a larger sam ple7, but a 
peak incidence at age 10 has also been reported for 
mandibular and middle third fractures in children11.
The finding that fracture types were similar to those  
found in adults despite the differences in facial anatom y has 
been reported previously7. It has also been reported earlier 
that there is a higher incidence o f fractures o f the mandible 
involv in g  the condylar head in children7, but there w as no  
exam ple of this type of fracture found in this series. 
H ow ever, the relatively high proportion o f isolated orbital 
fractures in this series confirms a recently reported finding 
in the U S A 12. There is a relatively higher proportion of 
dentoalveolar fractures in the children w hich has also 
previously been noted, but in this series they are equally  
distributed betw een  the mandible and maxilla, whereas 
earlier studies have suggested  that they usually occur in 
the anterior m axilla13. Overall, the results confirm that the 
proportions o f the different typ es of facial fractures are 
different from adults.
The presence of associated injuries w ith facial fractures 
is w ell established and their presence has been recorded in 
up to  88 per cent o f those w ith a facial fracture14. The 
associated injuries m ost com m only included head injury 
and facial lacerations but m ore severe injuries including  
multiple limb fractures and abdominal trauma requiring 
em ergency laparotom y are also present. N o  chest or 
cervical spine injuries w ere recorded. The finding in this 
study that both the incidence and severity  o f associated  
injuries w ere m ore likely to be associated w ith mandibular 
fractures has previously been  n oted 8. The presence o f  a 
w ide range of associated injuries particularly w ith man­
dibular fractures in this series suggests that the treatment 
of patients w ith these injuries is best performed in
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institutions w here multidisciplinary m anagem ent can be  
easily coordinated.
When trying to com pare ae tio lo g y  it has to be recog­
nized that there is no  universal classification. The aetio logy  
of the fractures in this study sh ow s falls, sporting accidents 
and RTA to be the major causes, in decreasing order of 
importance. Previous studies from outside the UK have 
identified RTA and in particular passengers o f cars, as the 
major cause o f facial fractures in children11'15 Further, it has 
been stated that in RTA children are much m ore com m only  
injured as passengers rather than pedestrians1. This is in 
marked contrast to the findings o f this study w here RTA  
were only the third m ost com m on cause o f these fractures, 
and in addition those in volved  in RTA w ere mainly 
pedestrians and cyclists.
The aetio logy  of facial injuries w hich had been sustained  
during a sporting even t found a total o f 13 sports o f which  
golf, horse riding and soccer w ere the m ost com m on in this 
study. This com pares w ith  a finding o f soccer, rugby and 
cricket as the m ost com m on cause o f children's facial 
fractures in a UK study o f sporting injuries15,1'*. H ow ever, 
when the severity  o f facial injury w as considered, this 
earlier study cited m otor-cycle riding and horse riding as 
being associated w ith  m ore severe injuries, a finding 
confirmed here.
Opportunities for prevention  are limited w hen it is 
considered that little can be done to prevent a fall, that the 
number of sports producing injuries totalled 13 and that 
the overw helm ing m ajority o f RTA occurred to p edes­
trians or cyclists. O f the less frequently cited causes of 
injury, on ly  assaults are readily preventable. Preventative  
measures such as early correction of m alocclusion and the 
wearing of m outh guards during contact sport have been  
recommended7 but w ou ld  have had little effect on this 
series of fractures. A lso  the results o f this study su ggest 
that introduction o f rear seat belts in cars in the UK is 
unlikely to have much impact on the number o f facial 
fractures in children (unlike the effect o f front seat belts for 
adults). O ther opportunities are few  but it should have  
been possible for the m otorcyclists to  have been w earing  
helmets w hich covered  the face, but the numbers involved  
are small.
The initial resu lts  o f tre a tm e n t w ere  in m o s t cases 
excellent. H o w e v e r th e  fo llow -up  p e rio d  fo r m o s t p a tien ts  
was short and  it m ay  b e  th a t th e  la te  com plica tion  of 
altered g ro w th , w h ich  had  n o t b een  reco rd ed  in th is series, 
has no t y e t h ad  sufficient tim e to  declare  itself. In  ad d ition  
several cases w ith  se rious lo n g - te rm  sequelae are p resen t in 
this series and  th ese  h ig h lig h t th e  n eed  of th e  clinician to  be 
aware of these  p o te n tia l com p lica tions w h en  m aking  their 
initial assessm en t an d  p lan n in g  m an ag em en t.
study possib le by  perm itting access to the records of 
patients w ith facial injuries under their care. I also acknow ­
ledge the considerable assistance g iven  to  me b y  the staff 
of the records departm ent in locating case notes.
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Orbital floor fractures in young children
Peter J. A n derson , M ichael D . P oo le
Oxford Craniofacial Unit, Radclijfe Infirmary, Oxford, UK
SUM M ARY. Isolated orbital floor fractures in children before the end o f  the 7th year o f  life are said to  seldom  
occur. This is thought to be due to  differences in anatom y from adults in that the m axillary sinus is developing and 
the orbit is still increasing in size.
Two cases o f  isolated  orbital floor fractures in children aged less than 8 years are reported, their m anagem ent 
discussed, and the literature reviewed.
CASE O N E
A 5-year-old girl fell 5 m  from  a p layground slide on  
to the left side o f  her face, and  w as un conscious  
m om entarily. She w as im m ediately  taken to an 
accident and em ergency departm ent and w as adm itted  
for neurological ob servations. Physical exam ination  
revealed a restriction o f  upw ard gaze. R ad io logy  
showed op acity  o f  the rudim entary m axillary sinus on  
the affected side but the radiograph was reported as 
showing no  fracture. T he restricted eye m ovem ents  
persisted and op h th a lm o log ica l assessm ent was 
sought. C om pu ter tom ograp h y  (C T ) exam ination  
failed to  d em onstrate a fracture but w ith the 
sym ptom s persisting 7 w eeks after the injury, orbital 
floor exp loration  w as undertaken. A  fracture only  
1 mm across w as fou n d  in  the orbital floor w ith  
entrapped orbital fat and  fascia extending dow n  into  
the m axillary sinus. T h e orbital structures were 
released, and the defect, due to  its sm all size, w as 
repaired w ith pericranium .
18 m onth s p ostop eratively  she had a g o o d  cosm etic  
result w ith greatly im proved  eye m ovem en ts (although  
there w as still d iscernable lim itation  o f  vertical gaze).
CASE T W O
A 6-year-old boy  fell 2 m from  a clim bing fram e 
landing on to  the left side o f  his face. H e w as taken  
im m ediately to casualty  w here he was adm itted  for 
neurological ob servations. E xam in ation  revealed a 
lim itation o f  upw ard gaze but p lain  radiographs were 
reported as sh ow in g  n o  fracture. A fter 1 w eek w ith no  
im provem ent in physical findings he w as referred for 
ophthalm ological exam ination . R adiographs were 
reviewed and an orbital floor fracture reported. 
Orbital floor exp loration  w as undertaken 3 w eeks 
after the injury. A t operation , the associated  soft 
tissue con ten ts w ith in  the fracture were visualized  
before being returned to the orbit. T he bony defect 
was then reconstructed  using outer cranial table bone  
lined w ith pericranium .
1 year p ostoperatively  he had a g ood  cosm etic  
result w ith  a m uch im proved range o f  eye m ovem ents, 
although there w as som e lim itation  o f  m ovem ent on  
upward gaze.
D IS C U S S IO N
O rbital floor fractures in  children resulting in enop - 
thalm os have been recognized for over on e century  
{Lang, 1889), despite the fact that m axillofacial 
fractures in  the paediatric age group are u n com m on  
{Reil and Kranz, 1976; James, 1985). T he term  ‘b low  
o u t ’ fractures o f  the orbit w as first applied to  those  
fractures o f  the orbital floor w here the orbital rim is 
intact {Smith and Regan, 1957), but b ecause o f  the  
anatom ical differences in children below  8 years w e  
prefer the term  isolated  orbital floor fractures in this 
group. R eports o f  iso lated  floor fractures in  those  
aged below  8 years have been  sp o ra d ic : on e aged 11 
m onths {Converse et al., 1967), one aged 5 years 
(Bartkowski et al., 1982) and on e aged 7 years {Leitch 
et al., 1990). O ther reports o f  these injuries involve  
children w h o  are at least 8 years o ld , or the age is n o t  
stated {Thaller and Huang, 1992). T his absence o f  
reports is n o t surprising w hen  it is rem em bered that 
the m orp h ology  o f  the orbit d oes n o t resem ble that o f  
an adult until 8 years o f  age and that the m axillary  
sinus is still develop ing  {James, 1985).
O rbital floor fractures in children have usually  been  
reported either w ith other paediatric m axillofacial 
injuries {Hall, 1972; Reil and Kranz, 1976; Anderson, 
1995) or as a series o f  these injuries w hich includes 
adults {Converse et al., 1967; Bartkowski et al., 1982), 
or other types o f  orbital fractures {Kaban et al., 1977). 
This m ixing o f  orbital fracture types has led to som e  
apparently conflicting con clusion s. It has been show n  
that w hen all types o f  orbital fractures in  children are 
considered  they are found  to be relatively com m on  in 
com parison  w ith adults (Posnick et al., 1993). H o w ­
ever, Posnick et al. (1993) dem onstrated  w ith in  this 
group that iso lated  orbital floor injuries are rare (less 
than 10%  o f  all paediatric orbital fractures). T his
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Fig. 1 -  Patien t looking upw ards with failure o f  the affected left 
eye to elevate (case 2).
contrasts w ith  th e findings o f  a series o f  ‘b low  o u t ’ 
orbital fractures in vo lv in g  b o th  children and adults 
where it w as reported  that 38 % occurred in  children  
(Bartkowski and Krzystkowa, 1982). H ow ever, closer  
inspection revealed th at the average age o f  the children  
in this series w as 11.2 years and no  case w as younger  
than 5 years o f  age. O verall, this conflicting  data  has 
resulted in differences in the reported incidence o f  
these injuries in children  as a w h ole , but there can  be 
little doubt that they are very rare in children aged  
below 8 years o f  age.
In adults, b oth  the an atom ica l basis and the 
m echanism  o f  the injury have been described in detail 
(Jones and Evans, 1967; Fujino and Makino, 1980). 
H ow ever, w e cou ld  find n o  references to  data  
pertaining to  either o f  these in the im m ature facial 
skeleton. U n d ou b ted ly , desp ite  the sm all size o f  the 
maxillary antrum , escape o f  orbital con ten ts through  
the orbital floor m ay still occur, and  considerable  
local force w ou ld  be required to  produce the injury. 
As considerab le force is required it is curious that in 
neither o f  our tw o  cases w ere the injuries sustained as 
a result o f  a traffic accident, w hich  has been show n  to  
be the com m on est cau se o f  all paediatric m axillofacial 
fractures in reports from  the fo llow in g  countries: U S  
(McGraw and Cole, 1990), A ustra lia  (Hall, 1972), 
Greece (Stylogianni et a l., 1991) and G erm any (Reil 
and Kranz, 1976).
D iagn osis is by a com b in a tion  o f  clin ical exam ­
ination (F ig . 1), rad iography (F ig . 2) and C T  scan. It 
is interesting to  n o te  that in  all o f  these cases the p lain  
radiographs w ere reported  as norm al but the fracture 
was subsequently reported  as present on  review. This 
highlights the difficulty for rad io log ists to  recognize  
this rare con d ition  in the im m ature facial skeleton .
Fig. 3 -  Fixed duction  test which is positive on the ieft side (case 
2).
Fig. 4 -  O rbital floor a t exploration show ing fracture arrow ed 
(case 2).
T he lim ited value o f  plain  radiographs in  assessing  
these injuries has previously  been noted  (Ilankovan et 
al., 1991).
T he treatm ent o f  our cases involved  operative  
in tervention  to release the entrapped tissue. A  forced  
duction  test w as perform ed to detect lim itation  o f  
m ovem ent o f  the eye (F ig . 3) after w hich  w e proceeded  
to open  exp loration  o f  the orbital floor to v isualize the 
defect (F ig. 4), and to release entrapped tissue. It has
Fig. 2 -  R adiograph showing 1 tear d rop  ’ sign on affected left side 
(arrow), (Case 2).
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been recom m ended that in children surgical inter­
vention should  be perform ed w ith in  a few days o f  
injury in an attem pt to reduce p ostop erative enop- 
thalmos (Mitlliken et al., 1977). H ow ever, in adults it 
has been reported that conservative m anagem ent w ith  
orthoptic exercises has im proved d ip lop ia  better than  
surgical exp loration  (Emery et al., 1971). C on se­
quently, it has been suggested that the con d ition  is 
often better m anaged by conservative treatm ent 
(Koornneef, 1982; Everhard-Halm et al., 1991).
Our cases h ighlight the difficulty in m anaging to  
operate early due to the problem  o f  estab lish ing the 
diagnosis. O thers have suggested  that exp loration  
should be attem pted  via the m axillary sinus (Bales et 
al., 1972). A ntral packing is n ot recom m ended as the 
maxillary sinus is to o  sm all, a p o in t w hich  has been  
made previously  (James, 1985). A ttem pts should  be 
made to preserve as m uch o f  any com m inuted  bone as 
possible as this is likely to heal. H ow ever, a bony  
defect m ay result in the orbital structures requiring  
support. M any m aterials have been  recom m ended for 
repairing the defect including b oth  au togen ou s and  
alloplastic m aterials (Morain et a l., 1987). H ow ever, 
we prefer pericranium  for a fissure fracture, and for a 
larger defect use pericranium  w ith overlying cranial 
bone, as these cases illustrate. T h e use o f  pericranial 
free grafts for coatin gs, augm en tation s and suspen­
sions in the face have been previou sly  reported ( Powell 
and Riley, 1989). T his has the advantage in  that it 
allows the orbital so ft tissues to glide over the repair. 
It also overcom es the problem s o f  m igration  o f  a 
prosthetic im plant (Wilkins and Havens, 1982). H o w ­
ever, w e n o te  the absence o f  reported long-term  
com plications using this in a series o f  children  o f  
unreported ages (Mulliken et al., 1977).
Early and late com p lica tion s o f  the con d ition  and  
its treatm ent in adults and children are recognized  
(Wilkins and Havens, 1982; Rathbun, 1984; 
Ousterhout and Vargervik, 1987), a lthough  n on e have 
occurred in our cases. R eported  late com p lications  
resulting from  injuries su stained  in  ch ild hood  
(although n o t necessarily  before 8 years o f  age) 
include: p ost-traum atic en op th a lm os (Mulliken et al., 
1977); d ip lop ia  (Leitch et al., 1990); ch oco la te  cyst 
form ation, w hich  has been reported by Sutula et al. 
(1991) as occurring 21 years after injury; and finally.in  
association w ith  other m idfacial fractures, subsequent 
developm ent o f  m idface h yp op lasia  (Ousterhout and 
Vargervik, 1977). It has been suggested  that there is an  
increased risk o f  d ip lop ia  fo llow in g  orbital floor 
fracture in younger patients (Waddell et al., 1982). 
The latter series d oes n ot include any children younger  
than 8 years o f  age and the findings were not 
reproduced in a second  study i f  the tim e from  injury 
to operation did n o t exceed 2 m on th s (Leitch et al., 
1990). T he evidence for the increased risk o f  d ip lop ia  
in these you n g  children therefore rem ains tenuous. 
However, b ecause o f  the kn ow n risk o f  develop ing  
com plications w e support the recom m end ation  for  
long-term fo llow -u p  o f  these you n g  patients (Mulliken 
et al., 1977).
In con clusion  w e report tw o cases o f  this rare injury 
in young children. T he difficulties in radiographic
d iagnosis have been described. T he surgical m an ­
agem ent has been discussed. F inally , long-term  
fo llow -u p  o f  this group is recom m ended.
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Case Report
Hyperostosis as a late sequel of parasymphyseal mandibular fractures in 2 children
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SUMMARY. B ackground: The potential problem o f growth anom alies affecting a mandible follow ing a fracture
of a mandibular condyle in childhood is well established. However, there have been no previous reports o f  this 
phenomenon affecting other fracture sites in the mandible. Patients: Two patients who had parasym physeal
fractures treated in childhood presented at skeletal maturity with hyperostosis at the fracture site, producing chin 
asymmetry in their teens. R esults: In both cases the hyperostosis produced significant chin asym m etry without
disturbance o f  the occlusion. B oth  patients were managed with corrective genioplasty. C onclusion: These cases
reinforce the previous recom m endations regarding the need for long-term  follow-up o f  children who sustain facial 
fractures o f  the m andible, and that the protocol should be expanded to include parasym physeal fractures as well as 
fractures o f  the condyle. ©  2005 European A ssociation for C ranio-M axillofacia l Surgery
K eywords: fractured mandible; late com plication
IN T R O D U C T IO N
Facial fractures in children are uncom m on, but 
within this p op u la tion  fractures affecting the m an­
dible are relatively com m on . It is well established that 
there is a p oten tia l problem  o f  subsequent grow th  
anom alies fo llo w in g  a fracture o f  a m andibular  
condyle in ch ild h ood . H ow ever, there have been no  
previous reports o f  loca lized  bone grow th distur­
bances affecting the m and ib le  at other sites in the 
literature.
P A T IE N T S  
Case 1
A 4-year-old girl w as a back  seat passenger in a car 
involved in a high speed m otor  vehicle accident. She 
sustained a fracture to the m andible in the right 
parasym physeal region (F ig . 1). In addition  she 
sustained a m id-face fracture affecting the ipsilateral 
maxilla and m alar bone. She w as taken to theatre 
where the m andibular fracture w as treated by 
reduction and internal fixation using a plate and  
screws.
She was kept under annual review and by 7 years 
post-injury was noted  to be d evelop in g  asym m etry o f  
the chin. F ourteen  years after her fracture she 
requested surgical correction  to  im prove her facial
No financial support was provided to support this study.
Fig. 1 -  3D CT scan o f  patien t 1 pre-operatively, dem onstrating the 
parasym physeal fracture o f the m andible and the mid-face fracture.
appearance. She had no T M  jo in t sym ptom s at this 
tim e and her clin ical appearance dem onstrated  
asym m etry with her chin p oin t tow ards the side o f  
the fracture (F ig . 2a). Intraoral exam ination  revealed  
an A n g le ’s class I occlusion  w ith no  occlusal cant. A  
PA m andible radiograph confirm ed the presence o f  
localized  h yperostosis at the site o f  the previous 
fracture (F ig. 2b).
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Fig. 2 -  (a) Clinical appearances o f pa tien t 1, m andibular asymmetry and deviation o f  chin point to the side o f form er fracture (age 15 years), 
(b) Radiograph PA o f patient 1 age 15 years, hyperostosis a t form er fracture site o f  mandible.
localized h yperostosis at the site o f  the previous 
fracture (F ig. 2b).
A genioplasty w as perform ed to  centralize her chin  
and 6 m on th s later sh e w as p leased  w ith her 
appearance.
Case 2
A 5-year-old b oy  w as a b ack  seat passenger in a car 
involved in a m otor  veh icle accident. A s a result he 
sustained a fracture o f  the m andib le in the right 
parasym physeal region. H is fracture w as displaced  
and produced a d isturbance o f  his dental occlusion . 
He was taken to theatre and the fracture reduced  
using arch bars and in term axillary fixation. Three 
weeks later the interm axillary fixation  w as rem oved.
His im m ediate p ost-op erative  course was unevent­
ful and his appearance satisfactory , apart from  an 
immature scar overly ing  the chin. H e was kept under 
review during ch ild h ood , but after 5 years it becam e 
apparent that he w as d evelop in g  m ild asym m etry o f  
his lower chin. T his w as noted  to  slow ly  increase with  
time and by 14 years fo llow in g  the fracture he 
requested further treatm ent to  im prove the facial 
asymmetry (F ig. 3a). H e had no  T M J sym ptom s and  
on exam ination  had no occlusal cant. T he PA  
mandible radiographs confirm ed the presence o f  
localized hyperostosis at the site o f  the previous  
fracture (F ig. 3b).
H e subsequently underw ent a gen iop lasty  to  
centralize the chin point, and 6 m onth s later he was 
satisfied w ith his appearance.
D IS C U S S IO N
Fractures o f  the facial sk eleton  in children are 
uncom m on , but w hen they occur the m andible is 
com m only  affected {Hall, 1972; Anderson, 1995). T he  
long-term  consequences o f  fractures o f  the m andible  
are w ell recognized w hen the condyle is fractured and  
so  is the potential for its subsequent effects on facial 
grow th {Rowe, 1969; Demianczuk et al., 1999). 
H ow ever, a lteration  in condylar grow th can be 
difficult to  predict in individual cases and this led to  
the recom m endation  that long-term  fo llow -up  should  
be undertaken in such cases {Hovinga et ah, 1999).
T he cases presented in this series both  appear to  
have undergone localized  hyperostosis fo llow in g  the 
fracture, producing the chin asym m etry. A  sim ilar 
localized  p h en om enon  has been reported at another  
site in the m andible, fo llow in g  condylar fractures 
{Lund, 1974). B ut there is no previous reference to it 
occurring in the parasym physeal region (or indeed  
any other region) o f  the m andible. H ow ever, it has 
been recognized that there m ay be grow th  distur­
bances affecting other sites o f  the facial skeleton . 
F ollow in g  m id-face fractures in ch ildh ood  subse­
Case R eport 3
Fig. 3 -  (a) Clinical appearances o f  pa tien t 2, m andibular asym metry and deviation o f  chin po in t to the side o f  form er fracture (age 17 years), 
(b) PA radiograph o f  patien t 2 age 17 years, hyperostosis a t form er fracture site o f  mandible.
quent growth retardation  has been reported (Ous- 
terhout and Vargervik, 1987).
Unfortunately there was nothing notable in the 
management of these cases to alert a clinician to the 
likelihood of subsequent localized overgrowth (apart 
from the possibility that it may be significant that 
these injuries were the result o f high-energy impacts). 
The absence o f a clearly identifiable factor in the 
aetiology o f this localized hyperostosis means that the 
development o f this late complication remains 
unpredictable.
C O N C L U SIO N
Two cases o f late complications of m andibular 
fractures of the parasym physeal region occurring in 
children are presented. These cases reinforce the 
previous recom m endations regarding long-term fol­
low-up of children who sustain facial fractures of the 
mandible. The protocol should be expanded to 
include m andibular fractures at this site as well as 
fractures of the condyle.
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CASE REPORT:
Facial Fractures as a 
Result of Dog Bite:
A Case Report
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A bstract:
Background and Objectives. Dog bites in the fa ce  are common 
injuries in children; usually, they result only in soft tissue injury. 
Occasionally, injuries to the fa c ia l skeleton that result in fra c ­
tures have been reported. The authors report a case —  which 
they believe is unique, with soft tissue injuries and fractures o f  
the facial skeleton a t two sites —  and discuss the m anagement 
of this and related cases.
Methods and Materials. The injuries involved deep lacerations 
of soft tissue, the fa c ia l skeleton, and  destruction o f  the infe­
rior canaliculus o f  the nasolacrimal duct. Intraoperative radio­
graphs and com puterized  tom ography (CT) scans disclosed  
fractures in the right in fraorb ita l region. The fa c ia l w ounds 
were debrided and  sutured, and  an tib io tics and  blood trans­
fusion were adm inistered. O pen reduction and  fixa tio n  with 
resorbable m iniplates and  screws were perform ed 5 days sub­
sequently. M edial canthopexy w as used. The m alar fracture  
was treated conservatively; the nasolacrim al duct was beyond  
reconstruction.
Results and/or Conclusions. Nine months postoperatively, there 
were no complications. The scars were settling, and the patient 
was maintained under a long-term  review.
Key Words: F acial frac tu res , dog bite, and  resorbable mini- 
plates and screws.
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CASE REPORT
A 1-year-old child was referred on an em ergency basis after 
having been bitten 4 hours earlier by the fam ily ’s pet ro tt­
w eiler in the face and both orbits, sustaining deep lacerations 
(Figures 1 and 2). The child was transferred from home to the 
authors’ clinic (a distance o f 140 miles), and the w ounds were 
debrided, irrigated , and explored  under general anesthesia  
6 hours fo llow ing  the injury. I t becam e ev iden t during the 
exploration that the injuries w ere m ore extensive, involving 
not only destruction  o f the in ferio r canalicu lus o f the naso­
lacrimal duct but the facial skeleton as well.
Intraoperative facial radiographs confirmed that fractures 
were present in the right infraorbital region. The frontal process 
o f the left m alar was indistinct, suggesting the possib ility  o f
Figure 1. Preoperative right lateral view of a 1 -year-old child who 
sustained dog bite injuries to the midface around the infraorbital and 
nasal region of the right orbit.
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Figure 2. Preoperative left lateral view of the injuries sustained 
around the lateral aspect of the left orbit.
another fracture (Figure 3). Therefore, prior to undertaking the 
definitive management, further clarification o f the extent of the 
fractures was thought to be appropriate. The facial wounds were 
cleaned, debrided, d isinfected , and sutured. A ntibiotic treat­
ment was comm enced, while a simultaneous blood transfusion 
was performed.
A computerized tom ography (CT) scan was performed on 
the following day to ascertain the exact nature and extent of the 
fractures. The scan revealed the presence of displaced fractures 
of the right nasoethm oidal com plex (F igures 4  and 5) and a 
minimally displaced fracture o f the left m alar bone.
The facial sw elling was allow ed to subside for 5 days, at 
which time a second procedure was undertaken. The right infra­
orbital wounds w ere reopened to allow  access. The exam ina­
tion revealed no evidence o f infection. The displaced fractures 
of the nasoethmoidal com plex w ere treated by open reduction 
and fixation, using resorbab le  m inip lates and screw s (Forth 
Medical Ltd, Newbury, UK) (Figure 6).
A m edial canthopexy w as undertaken to reestablish  the 
position o f the lids, since both the anterior and posterior limbs 
of the medial canthal ligament were damaged as part o f the orig­
inal injury, ra ther than during the surgical repair. The naso­
lacrimal duct was beyond reconstruction. The left malar fracture 
was treated conservatively. The low er and comm on canaliculi 
were both dam aged during the injury. The dam age resulted in 
the destruction of these structures for much of their length, so 
that reconstruction in a child o f this age was im possible. As a 
result, the patien t had d ifficu lty  w ith recurren t epiphora 
immediately postoperatively. Four days postsurgery, the patient 
was well enough to  be d ischarged  and has since been m ain­
tained under a regular review.
Figure 4. The CT scan demonstrates the full extent of the displace­
ment of the right medial orbital fractures in the transverse plane.
Eight months postoperatively, the recurrent epiphora had 
resolved spontaneously. No further surgery to the lacrimal sys­
tem is planned in the absence of symptoms. Nine months post­
surgery, the patient is well. The scars are settling (Figure 7), 
and no com plications have resulted  from  the use o f fixation 
plates. The patien t is m aintained under long-term  review  to 
ensure that facial growth is occurring normally.
DISCUSSION
Fractures o f the facial skeleton in young children are not com ­
mon, but when they do occur they are usually the result o f traf­
fic accidents, falls, or sporting injuries.1 Conversely, dog bites 
to the faces o f children are seen commonly, with the more severe 
injuries occurring in children under 2 years o f age.2 Associated 
injuries with dog bites may include disruption o f lacrimal canali­
cu li1; dam age to levator m uscle o f eye, producing ptois1; and 
dam age to the nasal cartilage.4 However, very few  cases have 
been reported o f facial fractures in children resulting from a dog 
bite.3-' In these cases, the fractures identified have been isolated 
injuries, either to the m alar or the nasal bones.
There are two aspects in the management o f these injuries 
—  the treatm ent o f the potentially infected tissues6 and recon­
struction o f the skeletal and soft tissues. The priority in treat­
m ent planning is to first address the high risk o f infection 
follow ing a dog bite. This requires an early wound antisepsis 
to prevent infection, and its im portance cannot be overstated.1
Figure 3. The radiograph reveals a displaced fracture of the right 
infraorbital region (arrowed) and the absence of a clear outline of 
the left lateral orbital wall.
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Figure 5. The computerized tomography scan demonstrates the 
same injuries in the coronal plane.
Figure 6. Intraoperative view of the right nasoethmoidal fracture, 
reduced and fixed with a resorbable plate.
Topical an tib io tics are used com m only, although their role 
is uncertain if early w ound debridem ent is undertaken. H ow ­
ever, in cases where a delay has taken place prior to the treat­
ment, or in children who have undergone previous splenectomy 
and are at risk for life-threatening fulm inating septicem ia,7 a 
penicillinase-resistant penicillin  o r cephalosporin  is recom ­
mended to provide an adequate spectrum  for treatm ent o f the 
canine oral flo ra .8 In addition to infection resulting  from  the 
normal canine microbiologic flora, the possibility o f transm is­
sion of rabies or tetanus should also be considered, and tetanus 
prophylaxis should be adm inistered, if required.
The use o f resorbable plates to hold the reduced fracture 
in the correct position has the obvious advantage that no addi­
tional procedure is necessary  fo r their rem oval.'’ In children 
with active sutures, the resorbable fixation materials may have 
an additional advantage when com pared to the conventional 
titanium plates. It has been demonstrated in animal studies that 
when metal plates are positioned across grow ing sutures, the 
plates may retard the skeletal grow th.10 "
CONCLUSION
A case of an unusual injury has been presented, involving facial 
skeletal fractures and soft tissue injuries resulting from a dog 
bite. Details of the management of such injuries have been 
discussed. This case again highlights the need for a high index 
°f suspicion of facial fractures in children who are victims of
Figure 7. Nine-month postoperative appearance of the patient.
dog bites to the m idface region and who are under 2 years o f 
age.3 Consequently, the use o f radiographs should be consid­
ered as a part o f the early assessm ent to identify any dam age 
to the underlying skeleton in such children, even when the facial 
fractures are not clinically apparent, as they were in this case. 
It m ust be rem em bered that any delay should be avoided in 
treating  the m icrob io log ically  contam inated  tissues and in 
performing the surgery to reduce the fractures. Since the frac­
tures heal rather quickly in children, a prom pt treatm ent will 
prevent the development o f complications, avoid any additional 
d ifficu lties in reduction  and fixation , and p resen t the m ost 
optimal treatm ent results.
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CASE REPORT
A Pitfall in the R adiological Diagnosis o f Paediatric M andibular  
Condylar Fractures
Jam es T h om pson , M ichael M alandris, P eter A nderson
A ustra lian  C ran io facia l Unit, W om en's an d  C h ild ren ’s H ospital, U niversity o f  A dela ide, A delaide,
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Abstract
Horizontal paediatric condylar fractures are a relatively common injury, which can have lifelong 
consequences, i f  not managed properly at initial presentation. Successful management relies on ac­
curate diagnosis o f the fracture, which leads to the determination o f optimal treatment. We present 
a case o f a fractured mandible with vertical fractures o f both condyles and the parasymphisis in 
a child, which was difficult to diagnose using conventional radiological interpretation. The initial 
radiographs did not fully reveal the nature o f the condylar trauma and computed tomography was 
necessary to clarify the extent o f the injuries. Management was a combination o f open reduction 
internal fixation fo r  the parasymphyseal fracture, and orthodontic brackets were cemented to the 
teeth to allow elastic traction and conservative management o f the condylar fractures, which involved 
both temporomandibular joints. The patient made an unremarkable postoperative recovery and had 
regained excellent range o f motion within 2 weeks o f surgery. This case highlights a diagnostic difficulty 
using orthopantograms and mandible radiographs, and illustrates a useful management strategy for  
bilateral vertical fractures o f the mandibular condyles.
Key w ords: D iagnosis, In terna l fra c tu re  fixa tion , M andibular condyle, R econstructive surg ica l procedures, 
Tem porom andibular jo in t
Introduction
Paediatric fa c ia l f ra c tu re s  a re  n o t co m m o n , b u t severa l 
epidem iological rev iew s have id en tif ied  th a t m an d ib u la r 
condylar frac tu res are  a re la tive ly  com m on site  o f  in ju ry .1'4 
Conservative m an ag em en t o f  such frac tu res has been show n 
to be successfu l,5'8 a lthough  open  red u c tio n  has also  been 
recommended.9 C urrently, m any surgeons m anage m inim ally 
displaced co n d y la r frac tu res  o f  the n eck  w ith o u t surgery, 
allowing the co ndy lar head  to  rem odel itse lf  naturally . The 
following case ou tlines the m anagem ent o f  a usual case o f 
bilateral vertical fractures o f the condylar heads, and illustrates 
the difficulty in diagnosis w ith conventional radiography.
Case Report
A 9-year-o ld  g irl, w ho  w as p re v io u s ly  fit and  w ell, fe ll 
from a height o f  abou t 4  fee t strik ing  her ch in  on a concrete 
surface. O n in itia l p re se n ta tio n  she  w as fo u n d  to  have a
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3-cm  laceration  on her ch in  as w ell as sw elling  and  tender­
ness a long the le ft s ide o f  h e r m and ib le . She also  had  an 
obvious m alocclu sion  and w as only co m fo rtab le  w ith  her 
m outh  in an open state (F igure 1).
Figure 1. P reopera tive  p h o to g ra p h  o f  the p a tie n t sh o w in g  so ft  
tissue sw elling  a n d  m a n d ib u la r  devia tion  on opening.
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Palpation over the tem porom andibu lar jo in ts revealed 
tenderness b ila tera lly . P lain  rad iog raphs w ere taken, in­
cluding an orthopantogram  and facial views. These films 
demonstrated a displaced left parasym physeal fracture on 
the left, and w ere suspicious for a left condylar fracture as 
well (Figures 2a and 2b).
The radiologist was unable to determ ine the true nature 
of the condylar fracture, and therefore com puted tom ography 
(CT) was performed, which demonstrated a sagittal fracture in 
the left condylar head with medial displacement o f the fractured 
medial segment. In addition, an undisplaced fracture was noted 
in the righ t co n d y la r head. T he ram us appeared  to have 
maintained normal height on both sides (Figure 3).
A trea tm en t p lan  w as fo rm u la ted  in w hich  the com ­
minuted parasym physeal frac tu re  w as treated  w ith open 
reduction in ternal fixation  using 2 titan ium  plates placed 
below the level o f the developing teeth and tooth roots. Mono- 
cortical screws were used on both plates. To treat the condylar 
fractures, o rthodontic b rackets w ere p laced on m olars on 
each side to be used for rubber bands (Figures 4a and 4b).
Figure 3. Preoperative 3 -d im ensiona l reconstruction o f  m andible  
dem onstrating condylar injuries (left displaced, right undisplaced).
Figure 2. (ci) P reoperative orthopantogram . (b) Preoperative  
anterior-posterior fac ia l radiograph.
Figure 4. (a) Postoperative orthopantogram . (b) Postoperative  
anterior-posterior radiograph.
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Figure 5. (a) Postoperative photograph taken at 6 months showing with mouth opening, but with no mandibular deviation, (b) Post­
operative photograph taken at 6 months showing the occlusion.
These bands served to guide the patient back into normal 
occlusion and p rov ide  re lie f  o f m uscu lar spasm  during 
the first 2 postoperative w eeks. The patien t was encour­
aged to begin jaw  m otion as soon as possib le to prevent 
ankylosis. W ithin 1 week of surgery she was com fortably 
moving her jaw  and was able to achieve an interincisal 
opening of 25 mm. She was kept on a soft diet for 4 weeks. 
Follow-up perform ed 6 m onths afte r surgery revealed a 
satisfactory occlusion with the low er left canine and pre­
molars erupting and norm al m andibular opening (Figures 
5a and 5b).
Discussion
Paediatric m andible fractures can often be difficult to assess 
and repa ir due to the develop ing  p erm anen t den tition . 
Previously, it has been shown that when comparing CT versus 
orthopantogram, there is a clear advantage for CT scans in 
diagnostic accuracy with respect to condylar fractures10 and 
our experience with this case reinforces this. However, it is 
impractical for all cases with m andibular condylar fractures 
to undergo CT evaluation, and this requires careful evaluation 
by clinicians who are aware o f the potential for unusual frac­
ture patterns. In this case, the clinical findings of tem poro­
mandibular jo in t tenderness with coexisting uncertainty in 
interpreting the radiological evaluation were thought to be 
significant clues.
O ur m an ag em en t s tra teg y  fo r p ae d ia tric  m an d ib le  
fractures takes into account the location and severity o f the 
fractures along with the amount o f malocclusion. With regard 
to condylar fractures we believe that early range o f motion 
exercises are o f paramount importance in avoiding ankylosis. 
It has also been our experience that the use of rubber bands 
for assistance in maintaining occlusion and providing relief 
o f m asseteric swelling and spasm has been a helpful adjunct 
to our m anagem ent plans. Conservative m anagem ent has 
been supported by some authors,7-8 even in  the presence of 
severe dislocation."
M anagem ent o f the displaced parasym physeal fracture 
is based on using 2 plates fixed with m onocortical screws 
to provide stable fixation w ithout dam aging the form ing 
tooth structures or roots. Alternatives to the second plate, 
such as bridal wires and splints are also useful8 and may be 
necessary if there is no room  for a second plate. Long-term  
follow-up for fractures such as these is extremely important. 
Condylar fractures may result in long-term  growth disturb­
ances and parasymphyseal fractures may result in contour 
deformities due to hyperostosis.I2'14-
In conclusion, this case represents an injury sustained 
from  a traumatic blow to the chin. Condylar fractures should 
be suspected in such in ju ries15 and w ere indeed found in 
this case. Furtherm ore, such fractures are best seen using 
a CT scan. Conservative managem ent o f such injuries has 
been found to be successful and should be the first choice
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for non-displaced condylar fractures or those that do not 
significantly affect occlusion  or m andibular height and 
symmetry.
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Background: Fractures o f the  facial ske le ton  in  ch ild re n  are re la tiv e ly  u ncom m on  in  com parison  w ith  
adu lts . W ith in  the  o rb ita l reg ion  fractures are recognised to  be rare due the  t im in g  o f deve lo pm e n t o f  the  
m a x illa ry  and fro n ta l sinuses w h ic h  are n o t fu lly  developed u n t il  12 years o f  age. W e have re ce n tly  seen 
several cases o f m ed ia l w a ll fractures in  ch ild ren , w h ic h  accord ing  to  the  e x is tin g  lite ra tu re  shou ld  be 
excep tiona l. This p rom p te d  a re v ie w  o f the  u n it database to  c la r ify  the  inc idence and id e n tify  com m on 
ae tio log ica l factors fo r these in ju ries .
M ethod: R etrospective case note re v ie w  us ing  the  ACFU database.
Results: Six cases w ere  ide n tifie d  w ith  a m ost cases o ccu rrin g  in  males. The ae tio lo gy  was found  to  be 
va riab le  in  each case w ith  no id e n tifia b le  p a tte rn  and the  subsequent m anagem ent rev iew ed. 
Conclusion: These s ix  cases h ig h lig h t th a t th is  p a tte rn  o f fra c tu re  can occur m ore  co m m on ly  than 
the  e x is tin g  lite ra tu re  suggests and th is  shou ld  be rem em bered by those w h o  tre a t facia l traum a  
in  ch ild ren .
C row n C opyrigh t ©  2010 Asian Association o f Oral and M a x illo fac ia l Surgeons. Published by E lsevier
Ltd. AH righ ts  reserved.
1. Background
Fractures of the facial skeleton in children are relatively uncom­
mon in comparison w ith adults [1], Even within the paediatric 
population orbital fractures are relatively rare with fractures of the 
nasal bones reported as the comm onest site for injury [1], When 
fractures do occur in the im m ature facial skeleton orbital fracture 
patterns can are different to those in adults [2], because the max­
illary sinuses are not fully developed until age 12 years. Fractures 
of the orbit in children can also affect the thin walled orbital roof, 
with orbital floor fractures exceptional in infancy, but becoming 
relatively more common w ith increasing age as skeletal maturity 
approaches (2).
However, we have recently been surprised given the apparent 
rarity of orbital injuries in children to manage two patients with 
fractures in the im m ature facial skeleton at another site within the 
orbit, the medial wall, a site w ith only occasional reports of frac­
tures in children [3]. Review of case notes identified a further four 
cases over a 5-year period highlights that these patterns of fracture 
can occur in children and suggests that they may be more common 
than the existing literature would indicate.
We report these two cases and review the earlier four cases to 
identifying common features which could aid clinicians in recog­
nising such injuries. The m anagem ent of these injuries is discussed 
and we recommend that any patients are optimally managed
* C orrespond ing  a u th o r . Tel.: +61 08  8161 7 2 3 5 ; fax: +61 08 8161 7080 . 
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A 9-year-old girl was sitting at her com puter desk when she 
was suddenly startled resulting in a reflex jum p and her hitting 
her orbit with her knee. She had no symptoms other than mild 
swelling of her eye until she blew her nose a day later when her 
eye became very swollen. She attended her general practitioner and 
was referred for specialist opinion. After a 3D CT scan was obtained 
a medial blow out fracture was identified. This was identified to 
be approx. 5 mm x  5 mm and after ophthalmological opinion con­
firmed no ocular injury was treated conservatively. After 12 months 
she was reviewed and had no further symptoms.
2.2. Case 2
An 11-year-old boy was in an athletics competition and while 
landing in the high-jump managed to hit his knee into his eye. He 
had a swollen tender eye was referred for specialist opinion. After 
a 3D CT scan it was noted that he had sustained a medial blow-out 
fracture of his orbit approx. 1 0  mm x  8  mm in diameter. He was 
noted to have enophthalmos and limitation of lateral field of gaze, 
but no other ocular injury. He was treated surgically w ith access to 
the orbit via a coronal scalp flap. The orbital contents were returned 
to orbit and reconstruction of the medial orbital wall undertaken
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Table 1
Medial o rb ita l f ra c tu re  cases .
Age in y e a rs G e n d e r In ju ry  m e c h a n ism
7 M ale Fall
9 (Case 1) F em ale Knee
11 (Case 2) M ale S p o rt ( a th le t ic s )
13 M ale MVA (ca r  d r iv e r)
13 M ale Bicycle
14 M ale A ssau lt (p u n c h )
using a thin cortical bone graft from the inner aspect of the iliac 
crest.
He made an uneventful post-op recovery and was discharged 
home 2 days later with a full range of eye movements in all posi­
tions of gaze. Six months later he has made a full recovery, with no 
enophthalmos or diplopia, and is back high jumping!
The two cases presented here along with the four previous cases 
are summarised in Table 1.
3. Discussion
It is notable in this series of six, that all except one case 
occurred in males, in keeping w ith other fractures of the imma­
ture facial skeleton [1]. These cases have sustained fractures of 
the medial orbital wall by a range of different mechanisms. This 
highlights the difficulty in suspecting such an injury from the his­
tory alone. The subsequent clinical examination and signs may 
include initial periorbital swelling, subconjunctival haemorrhage 
and later enophthalm os [4], but these can be subtle as highlighted 
in Figs. 1 and 2, which makes the diagnosis difficult for the clinician. 
The difficulty in establishing the diagnosis is further complicated 
because it is also difficult to diagnose these fractures on plain radio­
graphs and while high resolution CT scans are the investigation of 
choice, they may be difficult to obtain outside specialist centres, so 
good radiology is essential.
Fractures of the orbits have been reported to be rare injuries 
in children [1 ]. Although growth of the orbits is almost complete 
by 4 years of age [5], the fracture patterns can be different to the 
adult population due to the differences in the anatomy of the sur­
rounding peri-orbital structures in the im m ature facial skeleton.
Fig. 1. C ase 1 a t  p r e s e n ta t io n  w i th  left p e rio rb ita l  sw e llin g .
Fig. 2 . C ase 2  a t  p r e s e n ta t io n  w i th  m ild  p e rio rb ita l  sw e llin g .
This includes the relative thickness of the orbital floor because the 
maxillary sinuses only become fully developed at age 12 years of 
age, explaining why orbital floor fractures below this age are rare 
[2 ]. In contrast fractures of the orbital roof are relatively common in 
this the younger paediatric population, due to the relatively prom i­
nent position of the frontal bone in a child’s face. However fractures 
elsewhere in the orbits in children according to the existing liter­
ature are exceptional [3], and even in adults medial orbital wall 
fractures are relatively uncommon.
In children at this site there are im portant regional anatom i­
cal differences in skeletal maturity in comparison with other sites 
within the orbit (the roof and the floor) because the adjacent 
anatomical structures, the ethmoid air cells, are already present 
in similar arrangement to the mature adult skeleton by 4 years of 
age [6], This anatomical arrangem ent resulting in thin bone lining 
the orbit, resembles that seen at skeletal maturity, results in any 
fractures of the medial orbital wall occurring in children older than 
4 years demonstrating an adult type fracture pattern. This was seen 
in all of the radiological studies of these cases and highlighted in 
Figs. 3 and 4 which dem onstrate fractures.
Fig. 3 . C ase 1 CT sc an  s h o w in g  m ed ia l w a ll fra c tu re , a n d  su rg ic a l e m p h y s e m a .
(a)
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Fig.4. Case 2 p re -o p  CT sc a n  s h o w in g  f ra c tu re , (a )  C o ro n a l v iew , (b )  h o r iz o n ta l  v iew .
The management of these fractures can be conservative for small 
defects with no enophthalm os or limitations of extra-ocular m us­
cle function as in Case 1. These defects can be measured and those 
5 mm x 5 mm are managed with 5 days antibiotics and advised to 
avoid blowing their nose to prevent surgical emphysema. However, 
defects with enophthalm os due to herniation of orbital contents 
into the nasal cavity or entrapm ent of the medial rectus muscle [7] 
require return of the soft tissues to their correct place and recon­
struction of the orbital wall w ith iliac crest onlay bone graft to 
prevent relapse as in Case 3. A coronal scalp flap allows good visual­
isation of the fracture site, although repair via a medial canthus [8] 
or a transcuruncular approach have been advocated [9] and even 
more recently endoscopic repair has been reported in adults [10] 
(Figs. 5 and 6).
Fig. 6 . C ase 2 p o s t-o p  CT sc an  s h o w in g  g ra f t  in  p o s itio n , (a) C o ro n a l v iew , (b )  h o r i­
z o n ta l v iew .
It is im portant to recognise that medial orbital wall fracture 
results in the development of communication between the orbit 
and nasal cavity increases the risk of infection of the orbit tissues 
by nasal bacteria, which has the potential to spread into the cra­
nium. These cases dem onstrate that there is a risk of an associated 
ocular injury, so multidisciplinary management of these injuries by 
a surgeon and an ophthalmologist is recommended.
In summary, this clustering of six cases in 5 years suggests that 
this type of injury may be more common than the existing literature 
suggests. The combination of subtle signs and difficulties imaging to 
establish a diagnosis should be remembered by all those who treat 
facial injuries in children. Finally, such injuries are best treated in 
centres where multidisciplinary management can be undertaken.
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fig- 5. Case 2 in tr a -o p e ra t iv e  v ie w  d e m o n s tra t in g  f ra c tu re  a f te r  th e  o rb ita l c o n te n ts  
ave been  re le a se d , w i th  iliac  c re s t  b o n e  g ra f t  to  b e  o n la y e d  o v e r  th e  fra c tu re .
CHAPTER FOUR
INTRODUCTION
Tumour managent in the Craniofacial region has been undertaken by a 
number of surgical sepecialties including Otolaryngology, Oral and 
maxillofacial surgery, Neurosurgery, General surgery, Ophthalmology 
and Plastic surgery, depending on tumour type, location and established 
local practice. Despite this there are children with tumours who present 
to a Craniofacial Unit where the surgical techniques employed by 
craniofacial surgeons together w ith the unit’ s established routine of 
long term multi-discipinary management may be of great value in 
providing coordinated management and rehabilitation of children with 
particular tumours in this region.
In these seven papers there are examples of rare benign and malignant 
tumours, where the clinical descriptions warrant further publication, 
examples of management and also a long term outcome which 
highlights the problems of sequelae which may present to the surgeon 
even following successful eradication of the primary tumour by 
chemotherapy and radiotherapy.
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CHAPTER FOUR - PAPERS
The first paper is a case report of a very rare congenital tumour in an 
infant. The paper describes the clinical features and treatment and 
compares this to the few existing cases in the literature.
The second paper is a case report of an odontogenic tumour which 
usually presents in teenagers but had only once been previously 
reported in such a young child. The clinical features are described in 
detail and the association of this tumour w ith cutaneous malignancy is 
critical requiring long term follow up of this case.
The third case is a clinical description of a curious finding in siblings 
having the same anomaly (a dermoid cyst) occurring in the same 
position on the nose. These are thought to be isolated events but these 
two cases in siblings are curious and raise the possibility that this family 
may have had an underlying presdisposition to this anomaly.
The fourth paper concerns tumours arising from all three germ cell 
layers, the teratoma’ s. It considers the different clinical features and 
reports some of the challenges of management which not only relates 
to removing the tumour but includes treating the growth anomalies 
which affect facial development until skeletal maturity is reached.
The fifth  paper paper is a clinical description of a rare tumour in a 
teenager which is reported to have a high incidence of metastatic 
disease, (usually occurring about five years later following tumour
184
excision). The treatment regime used for this patient included a 
technological innovation used in melanoma management -  sentinel node 
biopsy to try to prevent this poor outcome by more accurately staging 
the tumour. Ten years later the individual is disease free indicating that 
at least in this case it appears to have been a useful approach.
The sixth paper is again a small series of an uncommon tumour usually 
treated by neurosurgeons. Access to the cranial base by a craniofacial 
surgeon can improve access for the neurosurgeon, with an improved 
chance to achieve complete surgical excision and improve long term 
outcome.
The seventh and final paper is a report of a man who underwent 
combined radiotherapy and oncological treatment for one of the 
commoner head and neck tumours of childhood, a rhabdomyosarcoma. 
This results in many treatment difficulties for the reconstructive surgeon 
which this paper highlights, but with persistence rehabilitation can be 
achieved, by a multidisciplinary team.
In summary these papers contribute to the clinical features of some rare 
tumours and describe management strategies for a few types and 
review long term outcome of some individual cases. Larger long term 
studies are needed to critically assess current treatment strategies for 
indivual tumour types.
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J O U R N A L  O F  T H E  R O Y A L  S O C I E T Y  O F  M E D I C I N E  V o l u m e  8 9  J a n u a r y  1 9 9 6
Congenital g ing iva l  g ranu lar  
cell tumour
p J Anderson FDSRCS(Ed) FRCS P  K irk la n d  FRCS 
KSchafler FRCPath A  L  H  M o s s  FRACS(Plast)
J R Soc Med 1996;89:53P-54P
SECTION OF PLASTIC SURGERY, 8 NOVEMBER 1994
Keywords: congenital, g ing iva l granular cell tum our, neonate
Congenital g ing iva l g ra n u la r ce ll tu m o u rs  a re  ra re  
lesions which have o n ly  o c c a s io n a lly  been re p o rte d  in 
the UK. C lin ical fe a tu re s  a re  o f a ben ign  les ion  w h ich  
occurs a lm ost e xc lus ive ly  in ne w b o rn , C aucas ian  
females and the  a n te r io r m ax illa  is th e  c o m m o n e s t s ite . 
Treatment con s is ts  o f lo ca l e x c is io n  and  is  cu ra tive .
The te rm ino logy co n c e rn in g  th is  c o n d itio n  has been 
rather confused be cause  o f u n c e rta in ty  re g a rd in g  the  
histogenesis o f these  tu m o u rs  and  th e  s im ila r 
histological appearance  to  a d u lts  g ra n u la r ce ll 
myoblastoma o c c u rr in g  a t o th e r in tra o ra l s ites . The 
exact h istogenesis o f th e se  tu m o u rs  rem a ins  un reso lved  
and they may be h a m artom a ta .
We describe a new  case  o c c u rr in g  w ith in  th e  UK, 
which illustrates m any o f th e  c o m m o n  c lin ic a l fe a tu re s  
of the condition, w ith  an a c co m p a n y in g  lite ra tu re  rev iew .
CASE H IS TO R Y
A  Caucasian female was referred a few hours after birth for 
urgent plastic surgical assessment with an intraoral swelling 
which was interfering with attem pts at feeding. She had been 
horn at term by a normal vaginal delivery following a 
normal pregnancy. No other abnormalities w ere found. It 
had been noted that she had a polypoid, congenital swelling 
1X 3X 0.9cm which was superficially ulcerated arising 
from the anterior maxillary alveolus (Figure 1). The 
differential diagnosis included: odontogenic tum our, te r­
atoma, neuroectodermal tum our and congenital granular cell 
tumour.
The initial management included intravenous fluids and 
uasogastric feeding. As oral feeding was clearly impossible 
for this child while this swelling remained, arrangements for 
early elective removal w ere made. The tum our was excised
Departments of Plastic surgery and Pathology, Queen Mary’s University Hospital, 
Roehampton SW15, England
Current address and correspondence to: Mr P Anderson, The Craniofacial 
entre, The Hospital for Sick Children, Great Ormond Street, London WC1N 3JH,
England
Figure 2  Section through the tumour ( x 400) stained with 
haematoxylin and eosin, demonstrating characteristic large round 
cells containing granular cytoplasm and a central nucleus
leaving the defect to heal by secondary intention under 
general anaesthesia, two days after birth. The patient was 
discharged home later the same day as surgery as oral 
feeding was readily established post-operatively.
Histopathology confirmed the diagnosis of a completely 
excised congenital gingival granular cell tum our (Figure 2). 
Immunohistochemical investigation confirmed the diagnosis.
Three months post-operatively the child is thriving with 
no evidence of recurrence.
DISCUSSION
Congenital gingival granular cell tumours have usually been 
sporadically presented as isolated case reports in British 
literature1̂ ,  since the first case was described in Germany 
in 1871s . The largest reported series comes from data 
collected throughout the USA over a period of 30 years, 
which reviews 21 of these lesions6.
Figure 1 The preoperative appearance of the tumour showing it 
arising from the anterior maxillary alveolus (note the nasogastric 
tube for feeding)
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This case demonstrates several features which are 
characteristic of the condition. The child was female and 
Caucasian. The female to male ratio of this condition is 
10: l7, although a male has been reported in the UK 
population2. Where the racial origin of the child has been 
reported, only two cases worldwide occurred in non- 
Caucasians6. The mass occurred on the anterior maxillary 
alveolus, which has been reported as being affected twice as 
often as the mandible6. However, this lesion was unusually 
large at 3 X 3 X 0 . 9cm;  they are usually less than 1.5 cm 
diameter7. Local excision is curative for the condition with 
no reported recurrences in the literature, even when the 
excision has been incomplete6. It has been reported that the 
natural history of the condition is for the lesion to 
spontaneously diminish in size8, and that treatment should 
be conservative unless feeding was interfered with9 (as in 
this case).
The terminology of this condition has been confusing due 
to continuing uncertainty regarding the histogenesis of the 
lesion. Both mesenchymal and odontogenic origins have 
been suggested7, and the clinical behaviour has led to the 
suggestion that they may be considered hamartomata rather 
than neoplasms9. The term ‘epulis’ has been used, but this 
simply means swelling on the gingiva and lesions with quite 
different pathologies have been grouped together. This 
accurate diagnosis has been further complicated by the 
similar histological appearance to the oral granular cell 
‘myoblastoma’ which occurs in adults at a number of 
intraoral sites, most commonly on the tongue. However, 
histological differences are noted in that the covering 
epithelial hyperplasia so often noted in adult granular cell 
tumour is absent in the congenital tumour7.
Im m unohistochem ical staining can be  o f use in 
distinguishing the tw o  conditions although there  is som e
variation in the results obtained. In the noncongenital 
granular cell tumours there are usually positive responses to 
antigens for S100, and variable responses to myoglobin, 
myosin, actin, desmin, a-1-antitrypsin and muramidase. 
Congenital gingival granular cell tumour may stain positive 
for actin and myosin but not SI00 as in our case, but other 
authors have found them negative for all markers10.
In summary a case of congenital gingival granular cell 
tumour is reported which on reviewing the literature, 
exhibits many of the described clinical features but in 
addition is an unusually large example of this rare lesion.
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Odontogenic keratocyst in a 5-year-old child: a 
rare cause of maxillary swelling in children
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KEYWORDS Summary Odontogenic keratocysts in children are uncommon. They are cysts of the jaws
Maxillary swelling; that have a tendency for recurrence and are usually seen in adults. We report an exceptionally
Paediatric; rare case in a young child and discuss its management.
Odontogenic keratocyst ©  2008 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Published by
Elsevier Ltd. All rights reserved.
A 5-year-old-boy was referred to the Australian Craniofacial 
Unit, Adelaide, Australia, with a 6-month history of a slowly 
enlarging mass on the left side of his face. The mass was 
painless, there was no history of nasal discharge, and there 
was no visual disturbance. Examination revealed a swelling 
of the left cheek (Fig. 1). Intraorally, there was swelling of 
the buccal and palatal aspects of the upper left quadrant. 
There were numerous carious deciduous teeth (Fig. 2).
Computed tomography scans showed an expansile mass 
within the left maxilla, with associated displacem ent of the 
teeth in that quadrant (Figs. 3 and 4).
* Corresponding author. Address: Australian Craniofacial Unit, 
Women’s and Children’s Hospital, 72 King William Road, North Ade­
laide SA 5006, Australia. Tel.: +65 8 8161 6571; fax: +65 8 8161 
7080.
E-mail address: ian.smith165@virgin.net (I.M. Smith).
The differential diagnosis included benign periodontal or 
dentigerous cyst, odontogenic keratocyst or a malignancy 
such as rhabdomyosarcoma or ameloblastoma. A  biopsy was 
taken of the lesion in order to establish a diagnosis.
The boy was given a general anaesthetic and via a 
Caldwell Luc approach, the lesion was found to be cystic. 
The cyst was enucleated and the cavity curetted. Two 
displaced teeth, attached to the cyst wall, were removed.
Histological analysis of the cyst lining confirmed the 
lesion to be an odontogenic keratocyst. The histological 
features of the cyst lining, which are characteristic of an 
odontogenic keratocyst,1 are shown in Figs. 5 and 6.
Discussion
Odontogenic keratocysts are thought to be developmental 
in origin, arising from embryonal dental tissues.2 They 
usually present as a slowly enlarging, painless swelling,
1748-6815/$ - see front matter © 2008 British Association of Plastic, Reconstructive and Aesthetic Surgeons. Published by Elsevier Ltd. All rights reserved. 
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Figure 1 'Worms eye’ view showing unilateral swelling of 
the left cheek.
Figure 2 Intra-oral examination showing carious teeth and 
buccal swelling.
Figure 3 Defect and displaced teeth.
Figure 4 The extent of the lesion.
typically in the second or third decades o f life, and are very 
rare in children. Less commonly, there may be spontaneous 
drainage of the cyst fluid, pain, cellulitis, trismus or nasal 
discharge.2 Radiographs typically show a unilocular well 
circumscribed, radiolucent lesion often associated with 
displacement of a tooth. A number o f treatment options 
are available after open biopsy to confirm the diagnosis of 
odontogenic keratocyst. The more conservative approach 
to odontogenic keratocysts is enucleation and curettage. 
The more aggressive treatm ent regimens include cryother­
apy, Carnoy’s tissue fixative solution or, rarely, maxillectom y
{:
it
Figure 5 Histological section. H6E, 200x Thin stratified 
squamous epithelium, which overlies fibrous connective tissue. 
Prominent cuboidal to columnar basal cell layer, no rete ridges 
and an undulating surface layer of parakeratin.
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Figure 6 Histological section. HEtE, 20x The cyst wall con­
tains a number of 'daughter cysts’, also lined by squamous 
epithelium.
or mandibulectomy. Odontogenic keratocysts are well 
known for their aggressive behaviour and propensity for 
recurrence. Recurrence rates between 2.5 and 62.5% have 
been reported.3 A number of theories about the high recur­
rence rate have been proposed, including incom plete re­
moval of the original lesion, remnants o f the dental lamina 
within the jaws and the presence of 'daughter’ or 'sa te llite ’ 
cysts within the epithelial cyst w all.2 The use of Carnoy’s 
solution or cryotherapy is thought to elim inate possible 
satellite cells.
In children, the mean age of presentation of odontogenic 
keratocysts is 3.4 years (range 8— 18 years), and occurs 
slightly more commonly in the mandible compared with the 
maxilla. There is a slight male predom inance.2 Odontogenic 
keratocysts can arise sporadically or m ay be associated with 
nevoid basal cell carcinom a syndrome (Gorlin’s syndrome). 
Gorlin’s syndrome is inherited as autosom al dominant, and
is associated with a number of anomalies, including multiple 
basal cell carcinom ata, odontogenic keratocysts, palmer 
pits, skeletal abnormalities, the most frequent o f which is 
bifid ribs but also includes vertebral abnormalities such as 
kyphoscoliosis and spina bifida. Intracranial calcification 
may also occur, and this usually manifests as calcification 
of the falx cerebri, the sella turcica, tentorium cerebella, 
or both.4
Odontogenic keratocysts are an uncommon cause of 
facial swelling in a child. They are rare in children and 
exceptionally rare in children under the age of 10 years.5 
When they are discovered in this young age group, they 
may be associated with nevoid basal cell carcinoma syn­
drome, and may be the first clinical sign of the syndrome.6 
As plastic surgeons, it is im portant that odontogenic kerato­
cysts should be included in the differential diagnosis, as it 
has consequences for their long-term management. These  
patients therefore require long-term follow  up for recur­
rence o f the keratocyst and also for the subsequent devel­
opment of the signs and symptoms of nevoid basal cell 
carcinom a syndrome.
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Abstract
N asal derm oid cysts are congenital m alform ations which result from  anom alous embryological development. Two 
cases occurring in siblings are presented. There have been several previous reports tha t the condition m ay be familial 
but in this report the initial suspicion o f the milder anom aly in the younger child was raised prim arily because o f his 
older b ro ther’s history. This further report suggests tha t the incidence o f familial occurrence o f this anom aly may be 
greater than  current literature suggests, and the possibility th a t other family members m ay be affected should be 
rem embered by clinicians treating patients with this condition. © 1998 Elsevier Science Ireland L td. All rights 
reserved.
Keywords: D erm oid cyst; Congenital m alform ation; Siblings
1. Introduction
Nasal dermoid cysts are the result of anomalous 
embryological developments and occur in the mid­
line of the nose and walls contain skin adnexae 
[1-5]. Congenital dermoid cysts of the nose are 
rare, but well recognised malformations which have 
been described regularly since the first report in 
1817 [5], Dermoid cysts in the nose is an unusual 
site with an incidence of just 3% of all dermoids [6],
* C orresponding au thor. Tel.: + 4 4  191 2325131; fax: + 4 4  
191 2275229.
The anomaly can occur as an isolated finding or in 
conjunction with other anomalies in up to 41% of 
cases [7]. The presentation is commonly due to 
nasal swelling or the observation of a midline sinus 
tract, although large cysts can produce nasal ob­
struction [6]. However, there has been a wide range 
in the age of presentation which has been reported 
to range from 3 months to 59 years, with a median 
age of 12 years [6], The differential diagnosis 
includes epidermal cyst, abscess, mucocele, frontal 
bone osteomyelitis, sebaceous cyst and nasal 
glioma [2,5].
0165-5876/98/$ 19.00 ©  1998 Elsevier Science Ireland Ltd. All rights reserved. 
P II  SOI 6 5 -5 8 7 6 (9 8 )0 0 0 4 3 -3
156 P.J. Anderson el al. / Int. J. Pediatr. Otorhinolaryngol. 44 (1998) 155-159
Familial occurrence of this condition has previ­
ously been reported on occasion [5,8-13]. The 
following report illustrates how the anom aly was 
recognised in a younger sibling only after his elder 
brother had undergone treatm ent for a nasal 
dermoid.
2. C ase report
A 2 year old boy was referred for plastic 
surgery opinion with a 4 m onth history of 
swelling o f the bridge o f the nose and interm ittent 
discharge from a sinus 1 cm below the swelling 
(Fig. 1). The diagnosis o f midline nasal dermoid 
cyst with an accom panying sinus was made. R adi­
ological exam ination confirmed the presence o f a
Fig. 1. Photograph of case one, aged 2 years, demonstrating 
the sinus on his nose.
Fig. 2. Photograph of the younger sibling, case two, 1 year old 
demonstrating a clinically less obvious sinus (arrowed).
space occupying lesion w ithout intracranial exten­
sion, the findings in keeping with a diagnosis of 
nasal dermoid cyst.
Under general anaesthesia, excision o f the m id­
line sinus and extension o f the incision in the 
midline was made to allow access. The sinus was 
traced superiorly and extended below the nasal 
bones. The cyst was removed after the nasal 
bones had been elevated, attached to a hinge of 
periosteum, and the resulting cavity curetted. The 
nasal bones were repositioned and the wound 
closed in layers. The patient made an unrem ark­
able recovery and was discharged the following 
day.
On review 6 weeks later, the area was healing 
with a satisfactory early result. The m other also 
brought his younger sibling aged 1 year in whom 
she had noted had a similar nasal sinus (Fig. 2),
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Fig. 3. H istological exam ination o f  the cyst rem oved from  case tw o, dem onstrating  the cyst wall lined by keratinizing stratified 
squam ous epithelium  and  adnexal structures thereby confirming the diagnosis o f  a derm oid cyst. Stain H and E. Original 
m agnification x 40.
and wondered whether surgical exploration was 
required. Curiously, she recalled that her grand­
mother and great-grandfather had similar nasal 
pits but had never undergone surgery prior to 
their demise.
The younger son also underwent radiological 
examination which confirmed the presence of a 
mass in keeping with a diagnosis of a dermoid 
cyst. Surgical removal was performed similar to 
that undertaken on his brother, and a smaller cyst 
was removed. This too was confirmed as a nasal 
dermoid on histological examination (Fig. 3). He 
also made a remarkable recovery post-operatively. 
He was reviewed in the clinic with his elder 
brother 6 weeks post-operatively, his elder sibling 
was by then, 8 months post-operatively and both 
were symptomless. The early cosmetic result is 
shown (Figs. 4 and 5).
3. D iscussion
Extensive review of the literature revealed sev­
eral previous reports of this condition occurring 
in family members [5,8-13]. However, these previ­
ous reports span over 40 years and have appeared 
in a variety of speciality journals, so the full
extent of familial nasal dermoids may not have 
been readily apparent.
These previous reports included both affected 
siblings [5,9-11,13], as well as parents and their 
children [5,8,10-13], In this family, the history of 
nasal pits in both grandmother and great-grandfa­
ther raises the possibility that there was a family 
predisposition to this condition. It is particularly 
important that it was only because of the treat­
ment of the elder brother and the recognition of a 
nasal pit by the mother, that surgical referral of 
the younger sibling occured at all.
The association of nasal sinuses with dermoid 
cysts of the nose, as demonstrated in our cases, is 
well recognised [1,4,5,14,15]. The position of a 
sinus from a nasal dermoid is variable and can 
occur anywhere between the glabella and the base 
of the columella [4], although the lower third of 
the bridge of the nose has been reported to be the 
most common site by several authors [1,2,5].
The management is surgical excision but careful 
preoperative investigation is essential since cysts 
may extend to involve the septum, cribriform 
plate, or the dura. MRI scanning [16], CT scan­
ning [14], and conventional radiographs (using 
antero-posterior, lateral and Water’s views) [6], 
have all been advocated to identify any cyst exten­
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sion. MRI has been recommended as the treat­
ment of choice, although diagnostic pitfalls have 
been reported [17].
Treatment in these cases consisted of excision 
of sinus in continuity with the dermoid cyst via a 
midline incision on the nose. Other approaches 
via the forehead have been described [2,15], and a 
combined craniofacial approach using a bicoronal 
flap as well as a nasal excision to remove a sinus 
has been recommended for extensive lesions 
[4,14,18]. ■
Reported complications in addition to the in­
evitable facial scarring have been reported and 
include saddle nose deformity [19], infection [15] 
and recurrence if removal is incomplete [15]. De­
struction of any residual lining by electrocoagula­
tion has been advocated to prevent recurrence [6], 
although the development of craniofacial tech­
niques where access is difficult should reduce the 
need for this.
Fig. 4. Photograph of case one 8 months following surgery.
Fig. 5. Photograph of case two 6 weeks following surgery. 
4. Conclusion
In conclusion, nasal dermoid cysts have been 
demonstrated in siblings who had a family history 
of nasal pits. In this case, the recognition of an 
existing nasal pit in the younger sibling was an 
essential guide to the existence of the anomaly. The 
surgical management of the condition has been 
reviewed.
This further example of familial nasal dermoid 
cysts in addition to the existing reports highlights, 
to clinicians treating this anomaly, the possibility 
that other family members of an affected individual 
may also have the condition.
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Teratomas of the head and neck region
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SU M M ARY. Background: T eratom as are exceptionally rare malform ations in the head and neck region. They are 
mostly benign but as a direct result o f  their rarity, m ost clinician’s experience o f  these tumours is very limited, and 
consequently m ost o f  the associated literature consists o f  single case reports. In this paper, however, all the cases 
managed by a major C raniofacial U n it (the Australian Craniofacial U nit) were reviewed to attem pt to identify  
common problems encountered in their m anagem ent. Material and methods: A ll cases managed by the Australian  
Craniofacial U nit over the last 25 years were reviewed. In total a series o f  nine cases w as identified, but two were seen  
and operated on in overseas centres and the data in these cases were incom plete, and have been excluded from the 
study. Case note, radiology and pathology review was undertaken to collect data. Results: In total a series o f  seven 
cases was identified as suitable for inclusion in this study. S ix  o f  these have had a minimum o f  9  years follow-up, three 
having completed growth. Conclusion: The initial and subsequent m anagem ent dem onstrates that these tumours 
when benign can be successfully removed, but depending on the affected site m ay require continued multidisciplinary  
management until growth has finished. ©  2003 European A ssociation for C ranio-M axillofacial Surgery.
Keywords: Teratom a; C raniofacial
IN T R O D U C T IO N
Teratomas are exceptionally rare malformations in 
the head and neck region. This has resulted in papers 
pertaining to the management of these conditions 
being mostly limited to single case reports. In this 
paper, however, all cases managed by the Australian 
Craniofacial Unit (ACFU) over the last 25 years were 
reviewed to attempt to identify common problems 
encountered in their management. In total a series of 
nine cases was identified but two were seen and 
operated on in overseas centres and the data were 
incomplete, leaving seven cases. Six of these have had 
a minimum of 9 years follow-up, three having com­
pleted growth. Their initial and subsequent manage­
ment and their long-term outcomes have been sum­
marized in Table 1 and shall be described in detail.
CASE R E P O R T S  
Case 1
A Caucasian female was born by vaginal delivery 
with a soft blue swelling visible in the neck (Fig. 1). 
She had inability to swallow, airway obstruction 
and developed a bilateral pneumothorax, requiring 
intubation. She was referred to the ACFU for 
multidisciplinary management. A CT scan demon­
strated a tumour extending from the pharyngeal wall 
to the base of the skull and laterally into the left 
middle ear canal. Angiography was attempted but 
unsuccessful.
No financial support was used to support this w ork
At 2 weeks of age she underwent subtotal removal 
of the tumour in a combined procedure with an ENT 
surgeon. Histology confirmed the diagnosis of benign 
teratoma. Her remaining problems included the 
remaining tumour in the middle ear canal, along 
with weakness of the marginal mandibular branch of 
the facial nerve and for the contour deformity of the 
left side of her face. The facial nerve palsy settled over 
the next 2 years.
At 4 years of age a recurrent tumour was removed 
from the left nasopharynx and soft palate via a 
mandibular osteotomy on the left side. The defect was 
repaired using a pharyngeal flap. Post-operatively, 
there was thought to be a palsy of the IX cranial 
nerve. This manifested in swallowing and speech 
difficulties. These improved with speech therapy and 
resolved completely. However, she was left with a 
significant contour defect in her neck (Fig. 2).
Six years later when aged 10 years a lateral arm free 
tissue transfer was undertaken to correct the contour 
deformity of the left side of the face and neck. Addi­
tionally, throughout childhood she has had long-term 
Eustachian tube dysfunction, which required the 
insertion of grommets on two separate occasions.
In total there were three further operations 
following tumour removal, and in addition she had 
regular long-term speech therapy.
C ase 2
A Caucasian female was born by vaginal delivery, 
with an older non-identical twin. She was noted to 
have a swelling over the right temporal area and 
extensive intraoral swelling extending to involve the
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Sex C ountry  o f 
origin




1 Birth 17 f A ustralia Parapharyngeal space 5 None
2 Birth IB f A ustralia Infratem poral fossa 4“ N one
3 2 m onths Deceased m H ong K ong Intracerebral (anterior cranial fossa) 3 N one
4 2 years 9 f M alaysia Left parapharyngeal space 2 1
5 Birth 14 f A ustralia Left tem poral lobe, parapharyngeal space 4* N one
6 Birth 11 m A ustralia Infratem poral fossa 3* N one
7 3 years 22 m M alaysia R ight pterygoid fossa 2* 2
“ F u rth e r surgery offered and declined. 
b F u rth e r surgery planned.
Fig. 1 -  Case no. 1. Swelling in the left neck.
soft palate which prevented feeding (Fig. 3). She 
had respiratory distress and was intubated and 
was referred to the ACFU for further management. 
CT scan demonstrated a tumour within the right 
infratemporal fossa. Angiography was attempted but 
unsuccessful.
Four weeks post-partum she underwent elective 
tracheostomy, prior to definitive excision 1 week 
later. It had been planned to leave this until she was 
3 months old, but because the tumour was increasing 
in size, earlier intervention was undertaken. Access 
for tumour removal was via a bicoronal scalp 
flap, osteotomy of the zygomatic bone and maxillary 
split. The tumour was removed completely and 
the malar bone fixed back into position. The 
temporalis muscle was split to fill the defect between 
the base of the skull and the oropharynx and the 
remainder to fill the temporal fossa. Post-operatively 
feeding was slow due to poor palatal function, 
the tracheostomy was closed 1 month after surgery, 
and feeding improved after this. Six months later 
palate repair was undertaken. This was done using
Fig. 2 -  Case no. 1. M arked  con tou r deform ity w ith a central scar 
on the left side o f  the lower face.
Fig. 3 -  Case no. 2. T um our m ass in the palate, m arked with an 
asterisk.
T eratom as o f  the head and neck region 371
Fig. 5 -  Case no. 2. O pen bite on the right side, age 9 years.
Fig. 4 -  Case no. 2. Facial asym m etry due to tem poral hollowing 
on the right side.
a modified Veau-Wardill-Kilner pushback, which 
was complicated by distortion of the right palatal 
shelf due to the temporalis flap reconstruction, 
which had produced a shorter palatal shelf than 
on the left side. Within 3 months she was noted to 
have similar speech to her twin. By the age of 6 years 
speech was markedly hypernasal. Nasendoscopy was 
undertaken and showed little movement on the right 
side. Shortly afterwards she underwent a pharyngo- 
plasty with thinning of the temporalis flap. This 
produced a dramatic reduction in the hypernasality.
By the age of 8 years she was noted to have 
mild facial asymmetry with a right temporal hollow­
ing and her chin pointing to the right (Fig. 4). 
She also developed a right open bite (Fig. 5) for 
which she was treated orthodontically. By the age 
of 15 years she had an acceptable occlusal relation­
ship with no cant (Fig. 6). However, she still had 
residual temporal hollowing (Fig. 7), and was offered 
further intervention in the form of fat injections but 
declined.
In total to reconstruct the consequences of tumour 
removal she has had two further operations to 
improve palatal function, speech therapy and ortho­
dontics.
Case 3
A Chinese male was born by Caesarian section at 37 
weeks gestation. He had marked enlargement of his
Fig. 6 -  Case no. 2. Occlusion following orthodontic  treatm ent, age 
15 years.
cranium, swelling in the central face in the left 
supraorbital region producing asymmetry, and a 
complete left sided cleft lip, alveolus and palate 
(Fig. 8). The baby had no difficulty with breathing 
and feeding.
CT scan demonstrated a large intracerebral ter­
atoma occupying both sides of the anterior cranial 
fossa. There was no normal cerebral tissue in the 
supratentorial region, although the infratentorial 
tissue looked normal. There were two extracranial 
tumour extensions in the left orbit. An angiogram 
was undertaken and demonstrated that the ophthal­
mic vessels were tortuous and were the main blood 
supply to the tumour. He was referred to the ACFU 
for further management.
He underwent multidisciplinary review and despite 
his anomalies, he was an alert baby breathing without 
difficulty. Three months post-partum he underwent 
removal of the intracranial tumour, via an anterior 
craniotomy. This was encapsulated (Fig. 9). How­
ever, the mass in the temporal region was noted to 
arise within the temporal lobe, was also excised and 
sent for histological examination, leaving the sur­
rounding temporal lobe tissue. The dura was closed 
and the calvarium plicated to reduce the extensive
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Fig. 7 -  Case no. 2. R em aining co n to u r defect o f  the right tem poral 
region.
Fig. 8 -  Case no. 3. In fan t w ith  m arked swelling over the left 
supraorbital and  nasal regions. N ote  the associated cleft.
Fig. 10 -  Case no. 3. A pproach to  the extracranial tum our 
extensions in the midline o f  the nose and on the left forehead.
dead space. Histological examination reported the 
specimens to contain a benign teratoma. Post­
operative recovery was uneventful. Two weeks later 
the extracranial tumour extensions were excised from 
the left supraorbital region (Fig. 10) and the cleft lip 
and palate repair was undertaken. Histological 
examination revealed a benign tumour, with a small 
focus of infantile embryonal carcinoma, which was 
reported to have been completely excised.
He underwent a minor revision to improve the 
nasal appearance 2 months later and transferred
Fig. 9 -  Case no. 3. T eratom a intraoperatively, which is well 
dem arcated, surrounded by dura, w ithin the an terio r cranial fossa 
and m arked w ith an asterisk.
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Fig. 11 -  Case no. 3. A ppearance after the th ird  operation  before 
returning to H ong Kong.
home to Hong Kong (Fig. 11). Three months later a 
growth developed rapidly in the left supraorbital 
region (Fig. 12), and he was transferred for further 
assessment at the ACFU.
There was massive growth in the left orbital region, 
and no evidence of metastatic spread on imaging 
studies. The CT scan did reveal a massive growth 
with erosion of the maxilla, zygoma and nasal region 
(Fig. 13). Biopsy was undertaken and confirmed the 
presence of infantile embryonal carcinoma. Due to 
the size of the tumour further resection was not 
attempted. No further intervention was attempted 
after discussion with the parents, and the child was 
discharged home and died a few weeks later.
Case 4
A Chinese female was born by vaginal delivery at 
term. She was noted to have marked deformity of her 
face with swelling over the left side of her lower face 
and neck. Intraoral examination revealed a cleft of 
the soft palate. She required hospitalization for 
airway management and nasogastric feeding. Exam­
ination under anaesthesia and biopsy to establish the 
diagnosis were undertaken prior to her referral to an 
overseas ACFU clinic in Malaysia.
After delay due to parental anxiety regarding 
travel, she was seen 2 years later in the ACFU and 
underwent multidisciplinary evaluation and MRI 
scan. This demonstrated the tumour extending from
Fig. 13 -  Case no. 3. C T  scan dem onstrating  massive recurrent 
tum our in the orbita l region w ith m ajor destruction o f  the facial 
skeleton.
the lateral pharynx into the left temporal region. The 
left-sided facial swelling had been increasing in size 
(Fig. 14). The tumour was removed via bicoronal 
and submandibular incisions. The zygomatic arch 
was osteotomised to allow access to the tumour. 
Intraoperatively the pharyngeal wall was breached 
but immediately repaired. The tumour was of 
variable consistency partly hard, partly soft and was 
removed completely although the margin was mini­
mal where the tumour was peeled off around the 
facial nerve.
Fig. 12 -  Case no. 3. R ecurrent tum our in the orbital region 3 
m onths after returning to H ong Kong.
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Fig. 14 -  Case no . 4. M arked  swelling over the left angle o f the 
m andible.
Post-operative recovery was unremarkable and 3 
weeks later she underwent cleft palate repair and 
insertion of grommets. She was discharged home to 
Malaysia 2 weeks later and remains under yearly 
review. Her speech is satisfactory and she has no 
other complications.
She has had just the one operation following 
tumour removal although she is likely to require 
orthodontic treatment in the future.
C ase 5
A Caucasian female was born by vaginal delivery at 
37 weeks gestation. She was noted to have a swelling 
in the left temporal region, which was identified to be 
a 5 cm cystic mass in the left temporal lobe by 
ultrasound examination. She was referred to the 
ACFU where she underwent multidisciplinary assess­
ment along with MRI and CT scans. These identified 
a defect in the middle cranial fossa, and also a lesion 
on the left cervical region down to the clavicle. It was 
thought that this represented a teratoma with 
intracranial extension.
She underwent excision of the temporal tumour by 
a neurosurgeon 1-week post-partum. Post-opera- 
tively she developed a left III nerve palsy which 
required a tarsorrhaphy. The cervical component 
became clinically more obvious after the intracranial 
component had been removed and swelling on the left 
side of the neck was seen. When she was 3 months old
Fig. 15 -  Case no. 5. Facial asym metry, seventh nerve palsy 
affecting the left side, and skin excoriation below the right lower 
vermilion.
the remaining tumour was resected through a 
submandibular incision. Two apparently separate 
encapsulated masses were identified and removed 
intact. No direct communication with the base of the 
skull was identified. Despite the suggestion by the 
pre-operative scans that the two tumours were 
connected, this could not be confirmed macroscopi- 
cally or by subsequent histological examination.
Post-operatively she developed a partial left sided 
VII nerve palsy. She required considerable speech 
therapy for receptive and expressive delay but by age 
five had made significant improvement. At age 5 
years the tarsorrhaphy was undone and a gold weight 
inserted by the ophthalmology team. There also was 
saliva dribbling from her mouth causing skin 
excoriation (Fig. 15). The recurrent excoriation of 
the perioral skin was managed by a dermatologist 
with barrier cream. Diversion of the submandibular 
ducts was contemplated, but was abandoned as the 
problem resolved spontaneously.
At age 10 years she required grommets for 
recurrent middle ear infection on the left side, related 
to poor Eustachian tube function. When reviewed at 
age 14 years she was noted to have persistent facial 
asymmetry due mainly to an asymmetrical mandible.
She has had two further operations after the 
neurosurgical tumour removal was undertaken, but 
in addition has also had prolonged speech therapy
T eratom as o f the head and neck region 375
and regular review throughout childhood by an 
ophthalmologist.
Case 6
A Caucasian male was born by Caesarian section at 
37 weeks of gestation. He had unilateral facial 
swelling of the left cheek (Fig. 16). There were no 
airway or feeding difficulties initially but the child 
also had a moderately sized ventricular septal defect. 
After 2 weeks he required a nasopharyngeal airway 
tubing and was referred to the ACFU for further 
management.
A CT scan demonstrated a mixed density mass 
within the left infratemporal fossa, which was 
expanding laterally pushing the zygomatic arch 
(Fig. 17). The CT scan appearances were suggestive 
of teratoma but rhabdomyosarcoma could not be 
excluded, so biopsy was undertaken and the diagnosis 
confirmed. The decision was made to delay definitive 
surgery until the patient was 3 months of age when 
the tumour was excised via a bicoronal flap, and a 
zygomatic osteotomy, in conjunction with an in­
traoral incision. The defect was repaired with a 
temporalis muscle flap. Post-operatively he developed 
recurrent ear infections requiring grommet insertion 
twice and was left with a residual deformity of the left 
infratemporal fossa. This was accentuated by man­
dibular asymmetry resulting from ipsilateral abnor­
mal development of the TMJ. He had no difficulties 
with feeding but had articulation problems with 
speech. Palatal reconstruction was undertaken at age
Fig. 16 -  Case no. 6. Left sided infratem poral swelling.
Fig. 17 -  Case no. 6. Three-dim ensional CT scan dem onstrating  the 
bowing o f  the m alar arch on the affected side.
3 years using a modified Veau-Wardill-Kilner push- 
back, but he has persistent velopharyngeal incompe­
tence and remains under the care of the speech 
therapists.
He is currently undergoing orthodontic treatment 
and a mandibular osteotomy is planned to correct the 
mandibular asymmetry. He will also be offered 
dermofat grafts to improve the contour of the 
temporal region.
He has had three further operations to improve 
palatal and ear function and has undergone extensive 
speech therapy. Two further operations are planned 
to improve facial cosmesis and masticatory function.
C ase 7
A Chinese male born by Caesarian section at 37 
weeks gestation presented with airway compromise 
and a mass affecting the right side of his face and 
right proptosis. After 3 weeks a tracheostomy was 
undertaken along with de-bulking of the tumour via 
an intraoral approach. He was hospitalized for 3 
months. A further 3 months later he had recurrent 
tumour and further attempt at tumour removal via a 
Weber-Ferguson approach. Post-operatively no com­
plications are recorded.
He presented 2 years later with a facial abscess at 
the site of tumour removal. A CT scan revealed 
further recurrent tumour extending from the right 
pterygoid fossa up to the level of the optic nerve. He 
was then referred to the ACFU for further manage­
ment.
Multidisciplinary assessment found that he had 
right orbital dystopia and facial asymmetry with little 
vision in his right eye. The tumour was removed via a 
bicoronal scalp flap, with a right malar osteotomy 
(Fig. 18). Post-operatively, he developed an ophthal­
moplegia but this resolved spontaneously over 2 
weeks. He later developed recurrent infection along 
the lower right eyelid, this improved with antibiotics, 
but was finally treated by ophthalmic surgery by
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Fig. 18 -  Case no. 7. Bicoronal flap and m alar osteotom y allowing 
access to the tum our.
correction of an ectropion after 6 months. He has had 
no further problems with infection.
With growth he developed a cross bite on his right 
side, which is currently being treated by an ortho­
dontist with a view to subsequently undergoing bi­
maxillary surgery and genioplasty.
So although no further surgery following tumour 
removal has been undertaken as yet it is planned to 
improve masticatory function and facial cosmesis.
D IS C U S S IO N
Teratomas have been reported to have an incidence 
of 1:4000 live births, but only 2% occur in the head 
and neck region {Weaver et al., 1976; Holt et al., 
1979). As a direct result of their rarity most clinician’s 
experience of these tumours is very limited, and 
consequently most of the associated literature con­
sists of single case reports {Montoya et al., 1980; 
Sadove et al., 1991; Spinelli et al., 1993; Hansen et ah, 
1995; Lanzio et al., 1998). Even so-called multicentre 
studies have sometimes identified only a few cases 
{Fearon et al., 1993).
Teratomas are tumours containing components of 
all three embryological germ layers, unlike dermoids 
which contain tissue from two germ layers only {Holt 
et al., 1979). They are said to be benign, in 90% 
{Fearon et al., 1993), but malignant change although 
extremely rare in the head and neck region, has been
described {Griffith, 1976; Holt et al., 1979). This series 
demonstrates that a variety of sites in the head and 
neck region is possible (including intracranial and 
extracranial and occasionally both sites).
The patients in this series were referred both within 
the drainage area of the unit and from overseas but 
with the small number of cases no geographic or 
ethnic pattern could be discerned as a risk factor. 
Similarly, there were no apparent sex differences in 
the incidence.
Three of the cases required delivery by Caesarian 
section, but obstetric history was otherwise unre­
markable. None of these cases had a diagnosis made 
pre-partum, and that may reflect obstetric practice at 
that time. Now that ultrasound scanning is more 
widely undertaken, it is possible that teratomas as 
well as other major craniofacial anomalies will be 
detected pre-natally in the future {Wong et al., 2001). 
An understanding of the natural history of this 
condition is essential for clinicians to enable informed 
parental choice regarding a possible termination of 
pregnancy. It may be a reflection of this that we have 
had no further cases referred in the last 9 years, and 
none from within Australia in the last 12 years. The 
presence of a co-existing cardiac anomaly was 
significant in case no. 6 since this resulted in the 
delay of the surgery until the child was 3 months old.
The investigation has been by three-dimensional 
CT scans with expert radiological interpretation. In 
some cases this has been supplemented by MRI scans 
and angiography. It is notable that in this series three 
cases had failed attempts at angiography.
It is significant that the tumours were benign apart 
from case 3 where within the recurrent tumour a 
small focus of malignant change was identified. This 
case was also the only one which subsequently 
resulted in a lethal outcome. This is in keeping with 
a previous report that only few infants with 
malignant head and neck teratomas survive {Fearon 
et al., 1993). However, it has been reported that the 
possibility of malignant change within a teratoma can 
be predicted by a raised serum alfa fetoprotein 
{Takeuchi et al., 1979). Interestingly, three of the 
other cases had undergone this examination as part 
of their investigations and it was normal in all of 
these cases.
The differential diagnosis of the masses noted in 
those patients includes: Encephalocoele, heterotopic 
cerebral tissue, Neurofibromatosis, Klippel-Trenau- 
nay-Weber syndrome, Proteus syndrome, and in case 
no. 6 rhabdomyosarcoma.
Treatment prior to referral included attempts to 
establish the diagnosis by biopsy, tracheostomy for 
airway management (in one case) or attempts at 
removal subsequently presenting with recurrent dis­
ease. These cases highlight that incomplete removal is 
likely to present with recurrence later.
Treatment in these cases was required both to 
surgically remove the tumour in the short term, and 
also to treat the consequences of the mass effects of 
the tumour in the long term (which therefore will 
depend on the particular site affected).
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The mass effect of the tumour affected both the 
underlying local skeleton (Fig. 18) and the adjacent 
soft tissues and may subsequently distort local 
growth. Structures in this series which were particu­
larly vulnerable included the mandible (case nos. 2, 4, 
5, 6, and 7), and the soft tissues in the region of the 
soft palate and oropharynx (case nos. 1, 2, 3, 4, 5, and 
6). The consequences of the mass effect of the tumour 
may therefore require long-term multidisciplinary 
management and these cases highlight that the 
management following teratoma removal is depen­
dent primarily on the site and extent of the tumour.
Tumours requiring the greatest number of further 
operative interventions were those tumours in sites 
adjacent to the soft palate and the Eustachian tube. 
The parapharyngeal tumour (case 1) required the 
most additional procedures. This was partly due to its 
extension into the middle ear and its effect on 
Eustachian tube function and partly to its effect on 
the soft palate, and hence speech. This in turn 
resulted in prolonged speech therapy after the second 
excision at the age of 4 years.
The tumours in the infratemporal fossa (case nos. 2 
and 6) have also required additional surgical proce­
dures following excision. These related to the palate, 
which has required initial reconstruction and later on 
repair and revision with pharyngoplasty, as growth 
has proceeded. During adolescence it was noted in 
both these cases that there was facial asymmetry and 
mal-occlusion. The latter was treated by orthodontic 
treatment alone in case 2, while case 6 is planned to 
have bi-maxillary surgery. In these two cases there 
also remained visible deformities due to the temporal 
hollowing.
The occurrence of intracerebral and extracranial 
teratomas in case no. 5 is exceptional but has already 
been reported {Montoya et al., 1980). Curiously, both 
careful intraoperative exploration and pathological 
as well as radiological review failed to confirm (or 
deny), whether it was a single or multiple lesions. 
Multiple teratomas in the head and neck region have 
also been previously reported {Dudgeon et al., 1974). 
However, histological examination of the tumour 
removed at the first operation was thought to be 
complete. The development of a temporary III nerve 
palsy is not surprising as a craniotomy was necessary 
to remove the tumour.
CONCLUSION
These tumours can be treated effectively and enable 
the child to develop into a successful adult. However, 
a number of different specialties are required to 
provide treatment including surgical interventions.
This highlights that head and neck teratomas are 
ideally treated in specialist centres which not only can 
successfully excise the tumour but can provide long­
term multidisciplinary management. We would also 
agree with previous recommendations that those 
affecting the cranial base are best managed by 
combined Craniofacial and Neurosurgical interven­
tion.
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Sum m ary This report describes a rare tumour, an epitheloid haem angioendotheliom a  
affecting the lower lip. This tum our has a predilection for the head and neck region in 
young adults. Its potential to m etastasise is well recognised, but the likelihood of this is 
currently uncertain. Current m anagem ent is usually to locally excise the tum our and 
fo llow  up, although there is a recognised risk that subsequent presentation with 
m etastatic nodal disease can occur. W e present a case occurring in the lip of an 18- 
year-old girl who had a sentinel node biopsy performed as a staging tool in conjunction  
with excision of a local recurrence. Although clinical exam ination and CT im aging of 
the head and neck found no evidence of m etastatic disease, the sentinel node was 
found to contain m etastatic tumour. The result of this unexpected finding was that she 
w as investigated further w ith additional CT  scanning of her chest and abdomen. Sub­
sequently, a therapeutic modified radical neck dissection preserving the accessory 
cranial nerve was undertaken. A fter 3 years she rem ains w ell w ith no evidence of 
recurrent tumour. W e believe that the consequence of undergoing sentinel node 
biopsy, which detected early m etastatic tum our and her subsequent treatm ent, sug­
gests a role for sentinel node biopsy in the m anagem ent o f epitheloid hae­
m angioendotheliom a.
©  2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Epitheloid haemangioendothelioma is a rare vas­
cular tumour. It has been reported to occur in the 
head and neck region but particularly in sites
* Corresponding author at present address: Australian Cra­
niofacial Unit, Women’s, Children’s Hospital, 72 King William 
Street, Adelaide SA5006, South Australia. Tel.: +61-8-8161- 
7235; fax: 61-8-8161-7080.
E-mail address: haemro2@hotmail.com (P.J. Anderson).
adjacent to the oral cavity.1 These tumours are 
unusual in that they commonly occur in children 
and teenagers.2-5 The malignant potential of these 
lesions is unclear as a number of reports present 
different findings.2-5 Currently these tumours are 
regarded as malignant in view of their high mor­
bidity and mortality, and the possibility of pre­
sentation with metastatic disease after the primary 
tumour has been excised is well recognised.5
Current treatment commonly consists of excision 
of the primary tumour and if  there is no clinically
1368-8375/03/$ - see front matter ©  2003 Elsevier Science Ltd. All rights reserved, 
doi: 10.1016/S1368-8375(03)00009-5
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detectable metastatic tumour, regular follow up in 
view of the recognised risk of subsequent pre­
sentation with recurrent tumour. Since many of 
those with this tumour are teenagers, this man­
agement protocol with its uncertainty is unsa­
tisfactory both to patient and clinician.
We report a case of a teenager who presented 
with locally recurrent disease who was managed 
using sentinel node biopsy to stage her disease. 
The unexpected finding of occult metastatic dis­
ease in the regional lymph node upstaged her 
tumour and resulted in the alteration of her sub­
sequent clinical management.
2. Case report
An 18-year-old woman presented to the Oral 
Medicine clinic with a 6 month history of a slowly 
growing painless swelling in her lower lip (Fig. 1). 
The swelling was excised and sent for histological 
evaluation. Histological examination identified the 
lesion as an epitheloid haemangioendothelioma, 
and the specimen margins were reported to be 
tumour free.
Four months later it  was noted that the swelling 
in the lip had recurred. On examination a thick­
ened scar in the lip mucosa could be seen, but no 
obviously palpable recurrent tumour. There 
remained uncertainty as to whether this repre­
sented recurrent tumour, so she was referred for 
plastic surgical assessment.
At this time the clinical appearance was of 
recurrent tumour so further local excision was 
considered. Because this swelling was thought to 
be recurrent tumour, the possibility of occult 
metastasis was also considered given the behaviour 
of this tumour. Sentinel node biopsy was therefore 
arranged at the same time as the local excision to 
assess the regional lymph in the neck.
The day before surgery the patient attended the 
Nuclear Medicine Department, where up to 40MBq 
of Tc-99m labelled colloidal human serum albumin, 
Nanocoll, with a mean particle size of 80 nm was 
injected around the scar. Static lymphoscinti­
graphy was performed at 15, 30 and 60 min fo l­
lowing injection, or until the first appearance of 
sentinel nodes within the neck. The position of the 
hot nodes was marked on the skin.
The next day during surgery, approximately \ -2  
ml of Patent Blue V dye (Laboratoire Guerbet, Aul- 
nay-Sous-Bois, France) was injected into the same 
site as radiocolloid, and skin flaps suitable for a 
sentinel node dissection were raised. Blue stained 
lymphatics were followed to blue lymph nodes 
(Fig. 2), and radioactivity confirmed with a Neo­
probe 1500 hand held gamma probe (Neoprobe 
Corp, OH, USA). Radioactivity was confirmed within 
the sentinel node ex-vivo. This node was sent for 
routine histology where it was found to contain 
metastatic tumour.
Full body C.T. scanning was subsequently under­
taken to try to identify further metastatic tumour, 
particularly in the lungs and liver, but none was 
detected. A modified radical neck dissection pre­
serving the accessory nerve, the internal jugular 
vein and the sternomastoid muscle, on the affec­
ted side was undertaken but no further tumour was 
identified in any lymph nodes.
Three years later the patient is alive and well 
and has no evidence of recurrent tumour. The scars 
on the lip and the neck are maturing in a cosmeti­
cally satisfactory manner.
3. Discussion
Epithelioid haemangioendothelioma is a rare 
tumour but has previously been reported to occur 
in the lips. Earlier reports described the tumour to
Figure 1 Photograph of the lesion at the tim e of initial F igure  2 Close up view dem onstrating the dye within 
presentation. the enlarged node.
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be a low grade malignant vascular neoplasm.4 
However, i t  is now regarded as fu lly  malignant in 
view o f its high m orb id ity  and m o rta lity .5 Up to 30% 
of cases are associated w ith  metastasis, and the  
m orta lity  rates have been reported to be 17%,5 but 
this increased to  65% i f  the lungs where a ffec ted .6 
This in form ation about the condition led to a 
dilemma in the management o f a teenager w ith  
locally recurrent disease, where there  was judged  
to be a risk o f occult metastasis but the wish to  
avoid unnecessary scarring to the neck skin was 
also obvious.
To overcome the dilemma sentinel node biopsy 
was undertaken at the same tim e  as a w ider exci­
sion o f locally recurrent disease. The use o f senti­
nel node biopsy in the management o f squamous 
carcinoma in the head and neck is undergoing 
evaluation.7 The sentinel node concept states tha t 
a tum our spreads via lymphatics to  the firs t eche­
lon lymph node encountered in the lymph node 
basin and this spread is embolic in nature. If the  
sentinel, or firs t echelon, node can be identified  
and examined fo r the presence o f tum our metas- 
tases, the need to  perform  an e lective  staging 
lymph node dissection is more c learly  defined. The 
concept has been m ainly applied to  breast cancer9 
and malignant melanoma.8 In these cancers sentinel 
nodes free from  tum our im ply a regional lymph node 
basin free  from  tum our w ith  a high degree o f accu­
racy. Sentinel node biopsy has also been used in the  
head and neck region in the management o f merkel 
cell carcinom a10 and thyro id m alignancies.11
The finding o f metastasis in the  sentinel node in 
this case has lead to  a change in the c lin ica l man­
agement. The upstaging o f the disease triggered an 
oncology re fe rra l and a to ta l body CT scan. This 
showed no fu rthe r disease anywhere but having 
upstaged the neck we have proceeded to  perform  a 
modified neck dissection on the a ffected  side.
We believe th a t this is the firs t report o f sentinel 
node biopsy in the management o f ep ithe lio id
haemangioendothelioma. It is noteworthy since the  
finding o f occult m etastatic tumour on sentinel node 
biopsy in this case has a ltered the c lin ical manage­
ment of this case, w ith  the consequence tha t to date 
there is no evidence of recurrent tumour. This leads 
us to  propose th a t i t  may play a role in selected cases 
in the management o f this tumour.
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Abstract
Purpose C h o rd o m as are  ra re  s low  g ro w in g , lo ca lly  
destructive tum ours o rig ina ting  from  rem nants o f  the 
primitive no tocord  and are found  m ost com m only  in the 
clivus and saccrococcygeal region. These tum ours usually 
present in early  adu lt life bu t on occasion  can presen t in 
childhood. T he com bina tion  o f  the skull base location 
and paedia tric pa tien t size m akes access to these tum ours 
particularly challeng ing .
Methods an d  results We report a m ultid iscip linary  tech­
nique used in tw o cases in children w here a m odified 
extended palatal split w as undertaken to allow  greater 
access for tum our excision.
Conclusion T his approach allow s for good access to the 
skull base region to allow  for m axim al tum our resection. 
This technique also appears to have m inim al im pact on 
palatal function and no adverse effects on the upper airw ay 
management.
K eyw ords C hordom a • Paediatric • Skull base • Transoral • 
Palatal split
Introduction
C hordom as rep resen t 0 .1 -0 .2 %  o f  all prim ary  intracranial 
neoplasm s [1, 2, 4], T hey are slow -grow ing  tum ours 
arising  from  the rem nants o f  the no tochord  and are found 
in c lose association  w ith  the axial skeleton. C om m on sites 
include the clivus, cervical and sacrococcygeal region. 
D esp ite  the ir rate o f  g row th , the ex trem ely  h igh local 
recu rrence  rate  and  th e ir in tim ate  re la tion  to critical 
structures have often  resu lted  in h igh m ortality  rates. 
T hese tum ours usually  p resen t in early  adu lt life bu t on 
occasion can presen t in childhood.
Paediatric skull base tum ours are particularly challenging 
to access to  allow  for m axim al surgical resection  (Fig. 1). 
A s an ad d ed  ch a lle n g e , ch o rd o m as are  p a rtic u la rly  
d ifficu lt to treat due to their local infiltrative nature and 
deep location. T he ex ten t o f  resection  has thus far been the 
m ost sign ifican t de term in ing  fac to r in  rate o f  recurrence 
and m ortality  [2, 3, 6],
We report a m ultid iscip linary  technique used in two 
cases in children, w here an extended palatal split was 
undertaken to allow  neurosurgical access for excision to be 
attem pted.
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M ethod
We review ed the case notes o f  patients w ith chordom a to 
confirm  that the inclusion criteria w ere m et and to assess 
the postoperative progress o f  palatal function. A dditionally, 
w e obtained intraoperative photographs, w hich carefully 
docum ented  the m od ified  surg ical approach  using  an 
extended palatal split for access.
¿1) Springer
1482 Childs Nerv Syst (2009) 25:1481-1483
Fig. 1 Case 2— age 7 years. Pre-operative MRI 
Operative technique
The subm ucosal layer o f  the hard  and soft palate is 
infiltrated w ith  local anaesthetic  2%  lignocaine  and 
1:80,000 adrenaline fo r haem ostasis. The soft palate is split 
midline and extended to include the anterior hard palate 
medial to the alveolar ridge. M ucoperiosteal flaps are then 
raised via b lunt dissection based on the greater palatine 
artery to expose the hard palate (Fig. 2). Stay sutures are 
placed to reflect the flaps for m axim al exposure. Hereafter, 
bone from the posterior part o f  the hard palate can be
Fig. 2 Case 1— age 11 months. Palate split midline and flaps raised 
based on the greater palatine artery
Fig. 3 Case 1— age 11 months. Bone from the posterior part o f  the 
hard palate excised to allow improved access to the tumour
excised to allow  for im proved access to the tum our (Fig. 3). 
W ith this level o f  exposure, the neurosurgeon is afforded 
greater access to the skull base tum our to perform  the 
resection (Fig. 4).
Closure is perform ed using the V eau-W ardill-K ilner 
technique for cleft palate repair as described by D avid et al.
[7]. The stay sutures are released and the repair perform ed 
in layers. N asal m ucosa is closed w ith 4-0 V icryl Rapide,
Fig. 4 Case 1— age 11 months. Maximal exposure to the skull base 
region
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Fig. 5 Case 1— age 11 months. Healed palate at 4 months post­
operation
muscular layer w ith 3-0 Vicryl R apide and finally the oral 
mucosa w ith 4-0 Vicryl Rapide.
Results
Two patients (ages 11 m onths and 7 years) underw ent 
surgical resection using this modified approach. Palatal 
function was restored in both cases w ith excellent w ound 
healing (Fig. 5). The older child required speech therapy in 
the first year w ith good results, and w e are continuing to 
follow his progress. The younger child did not require 
speech therapy bu t d ied at the age o f  5 years from  
complications secondaiy to adjuvant therapy.
Discussion
Traditional approaches vary from  cranio~orbito2ygom atic, 
maxillotomy and transethm oidal through to transcondylar
and transoral routes [4]. Samii et al. [5] published a 
retrospective study o f  49 patients w ho had  undergone 
resection o f  skull base chordom as at a single institution and 
reported that their three m ost frequently used approaches 
were transethm oidal (36.3% ) followed by pterional (23.4% ) 
and retrosigm oid (23.4% ).
Colli and A l-M efty [6] review ed 53 patients with 
chordom as o f  the craniocervical junction  and reported that 
the cranio-orbitozygom atic approach w as m ost frequently 
utilised at their institution.
O ur approach provides excellent exposure o f  the skull 
base region. This maximises the potential tow ards total 
resection, w hich is critical in the long-term  prognosis o f  
chordom as. In addition, this approach also appears to have 
m inim al long-term  effects on palatal function and no 
adverse effects on the upper airway management.
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SHORT REPORTS AND CORRESPONDENCE
D iffe rentia l diagnosis o f a so ft tissue mass fo llow ing  
long te rm  pa ren te ra l iro n  in je c tio n
Prolonged use o f soft tissue injections of iron-carbohydrate 
complexes for the treatm ent of iron deficiency anaem ia are 
known to induce calcification with prolonged use, particu­
larly when a single injection site is used.1
A 66-year-old fem ale had been treated by injection of 
iron polymaltose into the soft tissues of her right buttock 
monthly, for a period of 8 months, for the treatm ent of iron 
deficiency anaemia. A hard lump soon developed in the 
injection site and over the next few  years eroded through 
the skin. Im aging dem onstrated that the mass was limited 
to the subcutaneous tissues with no intram uscular exten­
sion (Fig. 1). The area w as excised and a vacuum-assisted  
closure (VAC) dressing applied. The defect was subse­
quently closed with a split-thickness skin graft. Subsequent 
histology revealed siderosis and inflamm atory change.
Soft tissue injection o f iron-carbohydrate compounds 
has been used for the treatm ent of iron-deficiency anaem ia  
since 1955.2 Modern drug therapies have now reduced the 
requirement for intram uscular iron administration. Soft 
tissue iron-carbohydrate injections are known to cause ca l­
cification of the soft tissues at the injection site. In 
addition, there is some evidence that long-term therapy 
can induce soft tissue sarcoma formation. The data avail­
able are not yet strong enough to show a causal relationship 
in man.2,3 However, we suggest that malignancy should be 
excluded in a soft tissue mass follow ing parenteral iron 
treatment, using im aging and soft tissue biopsy.
R ight buttock mass
Figure 1 Axial CT slice at mid-sacral level demonstrating 
a soft tissue mass.
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Rhabdomyosarcoma o f the  m andible — long te rm  
m anagement from  ch ildhood to  ad u lth oo d*
Tumours of the head and neck in infancy are rare but 
rhabdomyosarcoma is one of the most common soft tissue 
sarcomas in infants and children. It has a predilection for 
the head and neck region.1 The current treatment of a com ­
bination of ablative surgery, chemotherapy and radiother­
apy has dram atically improved the long term survival 
rates over the last 20 years.2 Approximately 65% of children 
diagnosed with rhabdomyosarcoma will survive after 
current multimodality treatm ent.3 The 5 year overall 
survival is reported to be greater than 80% in tumours 
that are either com pletely resected or grossly resected 
with only microscopic residual disease.4
This combination treatment regimen does, however, 
have significant implications for long term reconstruction 
and rehabilitation as the patient progresses from childhood 
through to adulthood. The reconstructive process begins 
with the initial surgical defect but, as the child grows, the 
effects of the high dose radiotherapy on the immature 
facial skeleton begin to manifest themselves and continue
*  Presented at the Australia and New Zealand Head and Neck 
Conference, Wellington, New Zealand. October 2006.
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to do so, both locally and systemically, throughout the 
developing years up to skeletal m aturity and adulthood.
A multidisciplinary approach is therefore needed to 
treat and care for these patients from childhood to 
adulthood.
Case report
This is illustrated in the case of a 4-year-old boy who 
presented to his general practitioner w ith a swelling on the 
right side of his mandible. A biopsy of the lesion was reported 
as rhabdomyosarcoma arising within bone. Preliminary 
treatment involved intra-arterial chemotherapy using adria- 
mycin, cyclophosphamide, vincristine and actinomycin D for 
7 days. This w as followed by chemotherapy for 2 years. 
There was a good response to the initial chemotherapy and 
he immediately progressed to having external beam radio­
therapy to the right side of the face. He then underwent 
a right hem i-m andibulectom y as part of his oncological 
treatment programme. He has remained disease free ever 
since, with no recurrence of the original tumour.
The patient first attended the Australian Craniofacial Unit 
at the age of 11 years, some 7 years after the completion of 
his combination tum our treatment. At presentation there 
was gross hypoplasia of the soft tissues of the right cheek 
and right maxilla and zygoma. As a result of the hemi- 
mandibulectomy there w as loss o f m andibular contour and 
the chin point was deviated to the right (Figs. 1 and 2).
At 13 years of age he underwent a Le Fort 1 maxillary 
advancement osteotom y to correct the m idface hypoplasia 
and a left subsigmoid mandibular osteotom y to centralise 
the mandible. A free DCIA (Deep Circumflex Iliac Artery) 
osseocutaneous flap was used to reconstruct the mandible
Figure 1 Age 11 y e a rs-7  years post chemotherapy, radio­
therapy and surgery.
Figure 2 Age 11 years— 7 years post chemotherapy, radio­
therapy and surgery.
and augment the soft tissues of the cheek. The skin paddle 
was de-epithelialised and trimmed as necessary to contour 
the cheek. The block of iliac crest bone was used to 
reconstruct the mandible and was approximately  
6 x 2  cm. The vessels were anastomosed end-to-end to 
the ipsilateral facial artery and vein. The tem porom andib­
ular joint was reconstructed with a costochondral rib graft. 
The senior author (DJD) has extensive experience with the 
use of costochondral rib grafts in the reconstruction of tem ­
poromandibular joints in patients with hem ifacial m icroso­
mia, for example, and they have proved to be very reliable 
in terms of their function. Onlay bone grafts from the iliac 
crests were used to augment the right zygoma and chin 
(Figs. 3 and 4). Although this gave him a good initial cosmetic 
result, the onlay bone grafts have a very limited growth po­
tential and there is a degree of resorption with time. There­
fore, over the years as he grew into adolescence, he 
required further procedures to augment the right side of 
the face. These took the form of further onlay bone grafts, 
dermofat grafts and, on one occasion, tissue expansion was 
used to address some soft tissue puckering in the lower right 
lip/cheek region. The insertion of the tissue expander was 
technically challenging due to the abundant fibrotic scarring 
and tethering of the tissues within the cheek. The expander 
was placed superficial to the de-epithelialised DCIA flap. T is­
sue expansion was carried out over a relatively short period 
of time, 4 weeks, in an attem pt to minimise any detrimental 
effects to the underlying onlay bone grafts. Nevertheless, 
adequate tissue expansion was achieved resulting in a satis­
factory cosmetic outcome. Although the remaining teeth 
appeared sound on intra-oral examination, a radiograph  
demonstrated severe underdevelopment of the teeth roots 
as a result of the radiotherapy (Fig. 5). He gradually lost
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Figure 3 Age 13 years — after reconstruction.
all of his teeth due to premature exfoliation and by his 20's 
he was edentulous and required full oral rehabilitation in the 
form of osseointegrated retained dental implants. Similarly, 
placement of the im plants was difficult due to restricted 
access as a result o f the scarring of the perioral tissues. For­
tunately, wound healing and osseointegration of the 
titanium im plants was not a problem and full upper and 
lower im plant retained teeth were fitted. Figures 6 and 7 
show him at 28 years of age (present day).
Figure 4 Age 13 years — after reconstruction.
Figure 5 Poorly formed dental roots.
At 28 years of age he underwent fine needle aspiration of 
a nodule in the right lobe of the thyroid. This was reported 
as 'not significant’ but he remains under surveillance for 
thyroid malignancy, again, as a result of the radiotherapy.
Discussion
The use of multidrug chemotherapy and external beam  
radiation followed by surgery has resulted in a dramatic 
increase in survival for those children with rhabdomyosar­
com a.2 Over the last 25 years, when this patient first 
presented, the role of surgery in the management proto­
col of children with head and neck rhabdomyosarcoma 
has undergone a radical transformation. The advancement 
in craniofacial reconstruction techniques and free tissue 
transfer have allowed for imm ediate reconstruction of 
large resection defects with acceptable functional and 
cosmetic results, even in irradiated areas. However, this 
multimodality treatm ent regimen does result in serious se ­
quelae both local to the tumour site and systemically. The
Figure 6 Age 28 years — 'final’ result.
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excellent survival rate with multim odality treatment has 
allowed the follow  up and observation of these patients 
for many years and has given clinicians the opportunity 
to address the effects of treatm ent.2 One of the most im ­
portant concerns in paediatric radiation oncology is opti­
mising quality of life while attem pting to cure a life- 
threatening malignancy. The use of external beam radio­
therapy in the head and neck region in children has 
many possible long term effects. These include arrest of 
growth of the immature craniofacial skeleton, dam age to 
normal tissues and organs, system ic neuroendocrine dys­
function, cognitive defects and dental developmental 
abnormalities.5
Recently, radiation techniques have been modified, such 
as improved beam shaping, hyperfractionated doses and 
reduced doses to surrounding healthy tissues.5 In selected  
cases brachytherapy can be used for localised radiotherapy 
control instead of external beam radiation. The brachy­
therapy is in the form of iridium-192 wires embedded in 
rubber (gutta percha) which is then placed in the wound 
bed thus avoiding radiation exposure to more distant sites.6
In conclusion, over recent years significant advances 
have been made in the multim odality treatm ent of rhab­
domyosarcoma in children. However, the challenge is to 
maintain excellent cure rates whilst at the same time 
reducing the devastating long term sequelae of the treat­
ment — in particular the external beam radiotherapy. We 
recommend that this group o f patients are managed by 
a multidisciplinary team throughout life so that the long 
term effects of their multim odality treatm ent as a child can 
be monitored.
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Elastofibrom a dorsi: a ra re  diagnosis in  chest w a ll
tum ours
A 63-year-old financial director presented with a right-sided 
lump around his scapula that had caused discom fort for
5 months. He also noted a sm aller one on the left in an
identical site. These swellings became noticeable when he 
abducted his arms (Fig. 1). He was a serious archer and 
golfer. In the past he had had a pectus procedure. The
Figure 1 The patient’s back with arms at rest and then ̂ ducted,
exposing the bilateral subscapular tumours.
CHAPTER FIVE
INTRODUCTION
Pathological processes which affect the skeleton and striated 
musculature of the locomtor system are particularly important in relation 
to their impact on the limb structure and function, while their impact on 
the craniofacial skeleton is often less of a clinical priority.
However, as these papers demonstrate diseases affecting the 
locomotor system do affect the growth and development of the 
craniofacial region in children, leading to morphological changes. These 
and can be difficult to manage in their own right, and as well as 
managing them as part of co-ordinated care w ith rheumatologists and 
orthopaedic surgeons, who are themselves managing systemic or local 
complications of the conditions elsewhere.
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CHAPTER FIVE - PAPERS
The first paper is case report of cousins w ith Parry-Romberg disease. 
This degenerative condition of starts in childhood and the aetiology is 
unknown w ith cases thought to be sporadic. This case report is the first 
reported familial example of this condition. This family has a complex 
genetic relationship, the fathers are tw ins and the mothers are sisters, 
so they share many common genes. This example could be a chance 
finding but raises the possibility that the affected individuals may have 
familial predisposition to this curious condition.
The second paper is collaborative study w ith Plastic surgeons in 
Indonesia to review children with pterygium syndrome who either had 
localised manifestations or associated craniofacial anomalies occurring 
in association w ith pterygium elsewhere in the skeleton. This paper 
demonstrates a wide range of anomalies and demonstrates the role of 
reconstructive surgery to improve function and activities of daily living.
The third paper is a case report describing the clinical features of a 
child w ith nemaline myopathy. This is a rare condition but the 
abnormally weak facial musculature results in characteristic dysmorphic 
changes in the facial skeleton. The management with bimaxillary 
orthognathic surgery to improve the facial appearance is described along 
w ith the specific precautions of safely administering an anaesthetic to 
an affected individual which are also reviewed.
2 1 6
The fourth paper is a case report highlighting a late complication of 
mandibular distraction in the immature facial skeleton in a child with 
pterygium syndrome, the aim of surgical treatment to remove his 
tracheostomy. This case demonstrated that the immature permanent 
tooth roots were simultaneously distracted along with the mandible and 
ultimately were almost double their normal length. This necessitated 
surgical removal. This case highlights a potential complication of 
distraction osteogenesis of the mandible in children, when osteotomies 
are undertaken close to developing tooth germs.
The fifth  and final case is a collaborative study w ith the 
Ophthalmology department investigating the long term visual outcomes 
in patients w ith fibrous dysplasia. This condition often begins and is 
diagnosed in childhood although surgical intervention may not be 
required until after skeletal maturity has been reached. The management 
of the disease around the optic canal is a controversial topic w ith some 
clinicians advocating surgical decompression while other clinicians 
recommend a strict conservative management course. This study 
reviewed a cohort of patients many of whom were first diagnosed in 
childhood, and the findings suggested that optic canal decompression 
can help preserve vision in severely affected individuals.
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In summary this collection of papers describes some previously 
unreported clinical features, highlights management challenges and in 
the last paper reviews the long term outcome of an important clinical 
dilemma for craniofacial surgeons.
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Summary Parry-Rom berg disease (or hem ifacial atrophy) is a rare condition  
affecting the face. It com m ences in childhood but its aetio logy remains unknown, 
and is sporadic. Two cases are presented who were biological first cousins. We believe 
that this is the first recorded exam ple of this condition occurring in fam ily members. 
©  2005 Elsevier Ireland Ltd. All rights reserved.
1. Introduction
Parry-Romberg disease (or hem ifacial atrophy) is a 
curious clin ical condition w ith  its peak incidence 
during childhood and teens. It commonly affects the  
fronto-parietal area and may extend in fe rio rly  to  
affect the facial skeleton and skin on the affected  
side of the face. The localised atrophy produces 
facial asymmetry and the characteristic “ coup de 
sabre”  deform ity o f the forehead. It was orig inally  
described by Parry in 1825 [1] and la te r by Romberg 
in 1846 [2], the names being combined later.
The aetiology remains uncertain and trea tm en t is 
aimed at reconstruction once the condition has 
stabilised or “ burnt o u t” . To date a ll reported cases 
have been sporadic, however the fo llow ing case 
reports are o f tw o cases in who were fam ily  mem­
bers.
* Corresponding author. Tel.: + 6 1  8 8 1 6 1  7235; 
fax: +61 8 8161 7080.
E-mail address: haem ro2@ hotm ail.com  (P.J. Anderson).
2. Case reports
2.1. Case 1
A 9-year old boy who had previously been f it  and w ell 
developed a pale lesion on his le ft cheek. He gra­
dually developed associated muscle weakness o f the  
adjacent le ft lip  associated w ith  anaesthesia o f his 
top lip. There was no lymphadenopathy. Three years 
la te r he developed a sim ilar patch on his right 
cheek. Excision was undertaken and histological 
examination was unremarkable apart from  a peri­
vascular lymphocytic in filtra tio n . No organisms 
were seen and tuberculosis and leprosy were 
excluded (Fig. 1).
Subsequent review by dermatology at age 13 years 
diagnosed the le ft cheek lesion to  be morphea, while  
lesion right cheek was diagnosed as ptyriasis alba. 
This right lesion resolved w ith  topical medication. 
Review 1 year la ter found th a t he had progression of 
the atrophy affecting his le ft cheek leading to revision 
o f his diagnosis to Romberg disease. He was then 
referred fo r craniofacial assessment.
0165-5876/$ -  see front m atter ©  2005 Elsevier Ireland Ltd. All rights reserved. 
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Fig. 1 Case 1 age 16 years dem onstrating facial asym ­
metry.
On exam ination he was noted to have soft tissue 
wasting w ith  disturbance o f his dentition  producing 
an upward occlusal cant but both the f ifth  and 
seventh crania l nerve function was normal. He 
was noted to  have recurring migraneous headaches,
which have now reduced in frequency. Haematolo- 
gical examination revealed an eosinophilia along 
w ith  a low C4 count, however his serology was 
negative fo r antinuclear facto r (ANF) (Fig. 2).
He declined soft tissue reconstruction at tha t 
tim e but remains under regular review although i t  
appears the condition has now “ burnt o u t” .
2.2. Case 2
A 14-year old g irl who was the cousin o f case 1 and 
who had previously been f i t  and w ell, was noted to  
develop a depression on her right forehead which 
extended in to  her neck. Over the fo llow ing 2 years 
the right side o f the face fa iled to develop as much 
as her (unaffected) le ft side and her face became 
increasingly asymmetrical. At the same tim e she
Fig. 2 Posterior— anterior facial view of case 1 dem onstrating the asymmetry of the m id-face skeleton and the occlusal 
cant on the affected side.
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Fig. 3 Case 2 age 16 years dem onstrating facial asym ­
metry.
had an increasing number o f migraneous head­
aches. She was referred fo r craniofacial opinion 
(Fig. 3).
On examination she was noted to  have a “ coup de 
sabre”  defo rm ity  w ith  thinning of the skin and fa t of 
the right cheek. The right tem ple hair was also th in. 
The underlying facial skeleton was also affected  
w ith  right sided hypoplasia o f the m axilla and mand­
ib le  producing a malocclusion w ith  an occlusal cant 
(Fig. 4).
The haematological investigation revealed her to  
have an eosinophilia but her serology was positive  
fo r ANF. Currently, she is considered to s till have 
active disease but once this is stable w ill be offered  
reconstruction w ith  b i-m axillary orthognathic sur­
gery and soft tissue reconstruction w ith  free tissue 
transfer to correct her asymmetry.
F'g- 4 Occipito m ental radiograph of case 2 dem onstrating the distorted bone contour in the Frontal region producing 
the coup de sabre deformity.
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3. Discussion
Parry—Romberg disease is an acquired progressive 
hem ifacial atrophy o f the facia l subcutaneous and 
skeleton o f unknown aetiology and pathogenesis. 
A range o f otorhinolaryngological complications 
affecting  d iffe ren t structures have been described 
[3]. It usually presents in childhood, and the earlie r 
the onset the  greater the subsequent skeletal invo l­
vement [4]. The aetiology remains uncertain but 
trigem inal lymphocytic neurovasculitis has also 
been reported on histological assessment o f tissue 
specimens (as occurred in case 1), suggesting a 
chronic ce ll mediated in ju ry  [5], while  hyperactiv ity  
of the brain stem sym pathetic centres has also been 
proposed as a cause [6].
The occurrence o f the condition occurring in 
members o f the same fam ily  is unprecedented. 
The fam ily  h istory in th is case is significant in tha t 
not only are these tw o cousins but the fathers o f the  
two a ffected  individuals are themselves non-iden­
tica l tw ins, w h ile  the mothers are sisters.
It is recognised th a t there  is c lin ica l overlap 
between scleroderma and Parry-Romberg disease 
and th a t a “ coup de sabre”  may be a m anifestation  
of scleroderma [7]. This is an im portant d istinction  
to make c lin ica lly  because the clin ica l course of 
scleroderma can be a ltered by medication [8], while  
there is no known disease modifying drug fo r Parry- 
Romberg disease. In this case careful evaluation by 
clin ica l genetics was undertaken to  establish the  
diagnosis. Additional support fo r this came from  the  
haematological profiles o f both cases. These demon­
strated a raised eosinophilia in both cases, but 
differed in th a t only case 2 was ANF positive; how­
ever the profiles in both cases were considered 
consistent w ith  the diagnosis of Parry-Rcmberg  
disease.
Reconstruction is normally reserved once the  
condition has stabilised and “ burnt o u t” , and the  
goals are restoration of the skeleton and soft tissue 
contours to match the unaffected side [4 ,9]. In 
these cases, easel is s till considering whether to 
undergo reconstruction w ith  a free derm ofat graft, 
w hile  case 2 is awaiting stabilisation and surgery in 
the form  o f b i-m axillary orthognathic surgery and 
derm ofat grafts is planned.
In conclusion tw o cases o f fam ilia l Parry-Rom­
berg disease are presented which is the firs t tim e  
this has been reported.
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Spectrum o f Features in Pterygium Syndrome
Sanjay Y. Parashar, Peter J. A nderson, N eil McLean, M arzoeki D johansjah1 and David J. David, A ustra lian  
Craniofacial U n it a n d  In s titu te , A delaide, S o u th  A ustralia , a n d  'D e p a r tm e n t o f  P lastic Surgery, Schoo l o f  M edicine, 
Airlangga U niversity , Indonesia .
P terygium  syndrom e is a  com plex an d  rare congenital deform ity  th a t consists o f  con trac tu res involving m ultip le  
flexural surfaces a n d  associated  craniofacial anom alies. I t o ften  has associated  cond itions, inc lud ing  anom alies 
o f  th e  cardiovascular, respiratory , g astro in testina l an d  gen itou rinary  systems. I t m ay presen t in  d ifferen t form s, 
inc lu d in g  m u ltip le  p teryg ium  syndrom e o f  Escobar, le tha l m u ltip le  p teryg ium  syndrom e, pop litea l p teryg ium  
syndrom e, le tha l pop litea l syndrom e (Bartsocas-Papas syndrom e) an d  arth rogryposis m ultip lex  congenita. The 
clinical p re sen ta tio n , m u ltid isc ip lin a ry  m an ag em en t a n d  th e  lo n g -te rm  ou tco m e  in  th ree  p a tien ts  w ith  th is  
co n d itio n  are p resen ted . [Asian/S « rg2006 ;29 (2 ): 104-8]
KeyW ords: congen ita l deform ity , p teryg ium  syndrom e
Introduction
Pterygium  synd rom e has a w ide sp e c tru m  o f  p resen ta tio n . 
M ultiple p te ryg ium  synd rom e (MPS) o f  E scobar is an  a u to ­
som al recessive m a lfo rm a tio n  c o n s is tin g  o f  g ro w th  re ta r­
dation, m ultip le  p teryg ia  involving neck, fingers, an tecubita l, 
popliteal, in te rc ru ra l a n d  c ran io fac ia l anom alies . T he typ i­
cal craniofacial features are d o w n slan tin g  palpebra l fissures, 
epicanthal folds an d  sm all m andible. T his syndrom e is clearly 
distinguished from  pop litea l p teryg ium  syndrom e (PPS) th a t 
classically involves con trac tu res  o f  th e  low er extrem ities w ith 
associated cran io facia l an d  g en ito u rin a ry  anom alies. PPS is 
autosom al d o m in a n t w ith  variab le  expressivity  a n d  in co m ­
plete penetrance. T he incidence o f  all fo rm s o f  p terygium  syn­
drom e is u n c e rta in  an d  they  are freq u en tly  nonspecifically  
term ed as a rth ro g ry p o s is .1 T here  have been previous reports 
o f the entity, b u t m o s t are ind iv idual case reports.2'3 A highly 
variable p resen ta tio n  o f  th is anom aly  has been reported  w ith 
a wide range o f  severity. A very severe fo rm  is the le thal MPS 
and lethal PPS w ith  a  h igh  incidence o f  fetal death , a n d  it  is 
presum ed th a t th e  pterygia m ay resu lt from  em bryonic onset 
o f fetal ak inesia.4 O th e r theories such  as ab n o rm al collagen 
and ap lasia  o f  develop ing  m uscle  fibres have also been p ro ­
posed .2-5 We reviewed the clinical p resen ta tio n  o f  th ree cases 
o f  th is group  o f  anom alies m anaged from  early childhood, and  
rep o rt on  the ou tcom e o f  th e  m ultid isc ip linary  m anagem ent 
o f  th is  condition .
Case reports
Case 1
A 3-year-old European m ale presented to  the A ustralian C ranio­
facial U n it (ACFU) w ith  M PS, Pierre R obin  sequence and  u n ­
descended testes. An an ten a ta l u ltrasonog raphy  a t 20 weeks’ 
g es ta tio n  h a d  rep o rted  m u ltip le  p teryg ium , cleft pa la te  an d  
cystic hygrom a. Fetal d istress led to  an  em ergency caesarean 
section  a t full term .
T he  clin ical fea tu res  in c lu d ed  extensive p teryg ia  o f  the 
neck ex tend ing  from  th e  ch in  to  th e  s te rn u m  w ith  the ch in  
te thered  to  the chest. T he con trac tu res  involved all the jo in ts 
o f  the u p p er an d  low er lim bs; deform ities inc luded  m ultip le  
syndactyly, in te rc ru ra l p terygia, congen ita l h ip  d is location , 
an d  rocker b o tto m  feet (F igures 1 an d  2). He was unable  to 
walk, h ad  difficulties using  th e  wheel chair, an d  was unable to 
lie supine. T he facial anom alies inc luded  m icro g n a th ia  w ith 
restric ted  m o u th  opening, cleft o f  the so ft palate, hypoplastic
I
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tongue, en o p h th a lm o s , b ila tera l ep ica n th a l fo lds a n d  an ti- 
mongoloid slan t (Figure 3). O th e r anom alies p resen t included 
chest wall d e fo rm ity  w ith  h y p o p la s tic  n ip p le s  a n d  th o ra ­
co lum bar sco lio s is . D e ta ile d  ra d io lo g ic a l in v e s tig a tio n s  
revealed fu s io n  o f  th e  cervical sp ine  a t th e  C l an d  C2 level, 
and in co m p le te  fu s io n  o f  C 3 -4  verteb rae . T h e  m an d ib le  
was h y p o p la s tic  w ith  an  o b tu se  g o n ia l ang le  a n d  h y p e r­
plastic co ro n o id  p rocess ex ten d in g  in to  th e  tem p o ra l fossa 
(Figure 4).
A m ultidisciplinary team  th a t included  specialists in  cranio­
facial, paediatric a n d  o rth o p aed ic  surgery, paed ia tric  an d  res­
piratory m edicine, speech pa th o lo g y  an d  physio therapy  u n ­
dertook m anagem ent.
His n e o n a ta l p e rio d  w as co m p lic a te d  by th e  p resence  
of airway o b s tru c tio n  a n d  feed ing  d ifficu lties . T hese  were 
managed conservatively  by th e  speech  p a th o lo g is t a n d  res­
piratory physic ian . H is v e n tila tio n  w as im p ro v ed  w ith  the 
use o f  c o n tin u o u s  positive  airw ay p ressu re. F o llow ing  th is, 
at the age o f  3 years, a  review by the resp irato ry  physician and  
formal p o ly s o m n o g ra m  revea led  s ig n if ic a n t ep iso d es o f  
airway obstruction . H e u nderw en t linear an d  angu la r d is trac­
tion o f the m andib le  (Figure 5) to  im prove his airway, feeding, 
mouth open ing  a n d  p e rm itted  repair o f  th e  cleft palate. S ub­
sequently, a t th e  age o f  10 years, he u n d erw en t m u ltis tag ed  
surgical release o f  th e  neck  c o n trac tu re  w ith  the use o f  sp lit 
thickness sk in  g ra f t in  a d d itio n  to  several o rth o p aed ic  p ro ­
cedures for his low er lim b anom alies chat included  congenital 
hip d islocation , fixed defo rm ity  o f  th e  h ip , knee co n trac tu re
Figure 3. Case 1 at the age o f 3 years showing severe neck pterygium 
and restricted mouth opening.
an d  rocker b o tto m  feet. He is cu rren tly  12 years old, uses a 
wheel chair an d  has no  trouble sleeping in  the sup ine position  
(Figure 6). He will rem ain  u n d er m ultid iscip linary  review un til 
he reaches skeletal m aturity .
Case 2
A E uro p ean  fem ale p a tie n t was b o rn  w ith  b ila tera l cleft lip 
an d  p a la te  (CLP) w ith  low er lip  p its , p o p lite a l c o n trac tu re  
ex ten d in g  d ow n  to  th e  ank le , p reax ial polydactyly , sim ple 
syndactyly, calcaneovalgus d efo rm ity  a n d  hypop las tic  labia  
m ajora. She was d iagnosed  w ith  PPS. She u n d erw en t m u lti­
d isc ip linary  assessm en t by a team  th a t  in c lu d ed  specialists 
in  cran iofacial a n d  o rth o p aed ic  surgery, o r th o d o n tic s , den-
Figure 4. Nylon model o f  Case 1 recon­
structed at the age o f  3 years Illustrating 
Figure 1. Case 1: 3-year old male w ith Figure 2. Case 1 at the age o f3 years show- the mandibular deformity, particularly the
multiple pterygium syndrome o f Escobar. ing the rocker bottom feet deformity. hypertrophied coronoid process.
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Figure 5. Plain X-ray o f the mandible showing distracted mandible 
in Case 1 at the age o f 3 years and 2 months.
tistry, speech  p a th o lo g y  a n d  p h y sio th e rap y . T h e  CLP was 
m anaged acco rd in g  to  th e  p u b lish e d  cleft p ro to c o l o f  the 
ACFU.6 T he cleft lip  was repaired  a t 3 m o n th s  a n d  the palate 
at 9 m o n th s  o f  age. A b ila te ra l alveo lar bone  g ra f t was p e r­
formed a t 11 years, a n d  b im axillary  su rgery  a n d  au g m e n ta ­
tion o f  m alar bone a t the age o f  18 years. Final surgery included 
revision o f  the  lip  a n d  a u g m e n ta tio n  rh in o p la s ty  a t th e  age 
o f 20 years (F igure 7). T h e  o rth o p a e d ic  a n d  p h y sio th e rap y  
team m anaged  her knee a n d  ankle  deform ities conservatively 
during her early ch ildhood  w ith sp lin ts for 2 years and  achieved 
total correction  w ith o u t any residual fu n c tio n a l deform ity.
Case 3
A 3 -m o n th -o ld  A sian  m a le  p re s e n te d  w ith  PPS a n d  a 
range o f  associated anom alies. T he facial anom alies included  
com ple te  m id line  cleft o f  th e  lip  a n d  p a la te  w ith  nasa l de­
form ity, ectrop ion  o f  the u p p er eyelids, fron ta l h irsu tism  and  
b ila te ra l ch o an a l a tre s ia  (F igure 8). T he  asso c ia ted  u p p e r  
lim b anom alies were com plete  syndactyly o f  th e  second  an d  
th ird  fingers, hypop lastic  th u m b , agenesis o f  the fifth  d ig it 
o f  th e  r ig h t h an d , a n d  agenesis o f  th ree  rad ia l d ig its  o f  th e  
le f t h an d . T he  low er lim b  d e fo rm itie s  in c lu d e d  b ila te ra l 
p o p litea l pterygia, b ila tera l ta lipes equ inovarus, in te rc ru ra l 
w ebbing an d  agenesis o f  th e  la teral th ree d ig its (Figure 9). In  
a d d it io n , he h a d  asso c ia ted  g e n ito u rin a ry  an o m alies  th a t  
inc luded  b ifid  scro tum , m icropenis an d  testicu lar agenesis.
D u e  to  th e  m u l t i tu d e  o f  an o m a lie s , he  u n d e rw e n t a 
m u ltid isc ip lin ary  assessm ent. A rad io log ica l s tu d y  deta iled  
the skeletal anom alies an d  genetic tes tin g  revealed ch ro m o ­
som e 14/5 tran sloca tion  (Figure 10).
Clinically, the p rio rity  was m anagem en t o f  b ilateral ectro ­
p ion  o f  the u pper eyelids th a t  was causing dam age to  the cor­
nea. T his was treated  by release w ith full thickness skin grafting. 
A large defect in  th e  lip  a n d  nasal s tru c tu res  necessita ted  re­
c ru i tm e n t o f  tissu es fro m  th e  cheeks a n d  fo reh ead  u s in g  
tissue expansion (Figure 11). I t is p lanned  th a t he will u n d e r­
go fu r th e r  co o rd in a ted  reconstructive  surgery  fo r his hand , 
low er lim bs an d  g en ito u rin a ry  anom alies . He is p resen tly  3 
years old an d  will rem ain  u n d e r review u n til skeletal m aturity .
Figure 7. Case 2 with popliteal pterygium syndrome at the age of: (A) 22 years, after 
protocol-based management o f bilateral cleft lip and palate but before orthognathic 
surgery, and (B) 1 year after orthognathic surgery and soft tissue refinement.
Figure 6. Case 1 at the age o f  1 0 years 
showing good mandibular growth and neck 
contour.
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Figure 8. Case 3: 3- 
m onth-old male pa­




ing complete midline 
cleft o f lip and palate, 
nasal deformity, and 
ectropion o f the up­
per eyelids.
Figure 1 1 . Case 3 at 
the age o f 4 months 
showing tissue expan­
sion o f  the forehead 
and both cheeks for 
upper lip  and nose 
reconstruction.
Discussion
Figure 9. Case 3 at the age o f 3 months showing severe pterygia 
extending from the groin to the heel, talipes equinovarus o f both 
feet, agenesis o f digits in both feet, and genital anomalies including 





















Figure 10. Chromosomal analysis for Case 3 shows: 46,XY, t(14;S) 
(•’P) gap 6p nonspecific.
M PS is a  com plex congen ita l defo rm ity  th a t  consists o f  co n ­
trac tu res  o f  m u ltip le  flexural surfaces, anom alies involving 
th e  craniofacial reg ion  a n d  extrem ities, a n d  w hich  o ften  has 
associated system ic abnorm alities. T h is co n d itio n  m ay occur 
sporad ica lly  a n d  is p ecu lia r in  th a t  i t  m ay  have au to so m al 
d o m in an t o r recessive inheritance.
T he genetic ab n o rm ality  has n o t  been detec ted  fo r MPS, 
b u t a m u ta tio n  in  the IRF6 gene is th e  possible cause o f  PPS.7 
T he underly ing  pathogenesis is n o t clear, b u t it  has been p ro ­
posed th a t it  is due to  decreased fetal m ovem ent.4’5 A prenatal 
d iagnosis can  o ften  be estab lished  w ith  E scobar syndrom e as 
in  Case 1 o f  th is repo rt, a n d  th e  presence o f  associated  cystic 
h y g ro m a  is one  o f  th e  typ ica l signs o f  M PS.3’8 O ne re p o r t 
m en tio n s th a t th e  severity o f  th e  disease m ay be ind ica ted  by 
the presence o f  a sp inal anom aly .9
P terygium  syndrom e has a  w ide range o f  clinical p resen ta­
tions, an d  p teryg ia  is co n sis ten tly  p re sen t involving several 
jo in ts . PPS has ch a rac te ris tic  invo lvem en t o f  th e  pop litea l 
region, w hich m ay range from  m ild  co n trac tu re  as in  Case 2 
to  extensive knee, ankle an d  cru ra l pterygia as in  Case 3. I t  is 
suggested  th a t th e  presence o f  a t  least th ree o f  th e  follow ing 
deform ities includ ing  cleft lip and  palate, popliteal pterygium , 
p a ra m e d ia n  low er lip  s in u se s  a n d  g e n ita l a n o m a lie s  are 
requ ired  fo r the d iagnosis o f  PPS.10 Lower lip p it was seen in  
b o th  o u r cases w ith  PPS, an d  one o f  the repo rts  ind icates its 
incidence as 56% o f  PPS cases.11 A no ther rep o rt suggests chat 
PPS an d  van der W oude syndrom e are allelic an d  results from  
m u ta tio n s  in  the IRF6 gene.7 O n  the o th e r hand , MPS p rim a­
rily consists o f  m u ltip le  co n trac tu res  involving all the jo in ts
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of the lim bs a n d  th e  neck as well. There are signifies "  uscu-
loskeletal an o m alies  a n d  g ro w th  re ta rd a tio n .3’9 c is so u a te d  
craniofacial an o m alie s  in  M PS in c lu d e  m ic ro g n a th ia , cleft 
palate, low  se t ears, a n tim o n g o lo id  s la n t, a n d  ep ic a n th a l 
folds. In MPS, p rim ary  p a tho logy  m ay be th e  p terygium , and  
the facial an d  lim b anom alies m ay be secondary to the contrac­
tures, while in  PPS, all th e  anom alies appear to  be p a rt o f  the 
multisystem involvem ent. T he presence o f  hypertrophied  coro- 
noid processes in  Case 1 in  th is series is a  consequence o f  the 
force exerted by the tem poralis m uscle du ring  m o u th  opening.
The range o f  associa ted  anom alies leads us to  u n dertake  
a m ultid isc ip linary  team  ap p ro ach . Airway an d  sw allow ing 
are o ften  th e  fu n c tio n a l p ro b lem s en c o u n te re d  d u rin g  the 
neonatal period. Case 1 h ad  severe airway obstru c tio n , an d  a 
m andibular d is trac tio n  perfo rm ed  a t the age o f  3 years bene­
fited h im  by im prov ing  h is airway an d  feeding an d  p erm itted  
closure o f  the  cleft palate. H is neck pterygia involved sh o rten ­
ing o f  all th e  tissue  p lanes, how ever, re leasing  th e  sk in  an d  
platysm a re su lted  in  a reasonab le  im p ro v em en t in  th e  neck 
movement. He is p lan n ed  fo r a fu r th e r  stage o f  neck release. 
Any definitive surgery will be p lanned  after the com pletion  o f  
his skeletal grow th.
Case 2 h as a m ild  fo rm  o f  PPS a n d  has been  m an ag ed  
th ro u g h o u t h e r  d e v e lo p m e n ta l period . T he  b ila te ra l CLP 
was m anaged accord ing  to  th e  ACFU p ro toco l u n til a fter the 
com pletion o f  her skeletal m atu rity . T he low er lim b pterygia 
was m anaged  conservatively w ith  com plete  fu n c tio n a l reco­
very. At th e  o th e r  extrem e, Case 3 represen ts a severe form  o f  
PPS w ith low er lim b pterygia, m u ltip le  d ig ita l anom alies, and  
m ultiple facial a n d  gen ita l deform ities.
T he range o f  c lin ica l fea tu res  asso c ia ted  w ith  m u ltip le  
pterygium syndrom es is peculiar. These h ig h ligh t the benefit 
of m ultidisciplinary assessm ent an d  m anagem ent to  deal w ith 
m ultiple anom alies th a t  are associated  w ith  th is condition .
Due to  the unde te rm ined  grow th pa tte rn  o f  m ultip le ptery­
gium syndrom es (M PS o f  E scobar a n d  PPS), it is suggested
th a t all such  p a tien ts  sh o u ld  be long itu d in a lly  follow ed up 
a t least u n til m aturity .
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A C a u c a s ia n  fem ale , 1 0  y e a rs o f age, w as referred by a pediatrician to the 
c r a n io fa c ia l  u n it  w ith  a d ia g n o s i s  o f  
n e m a lin e  myopathy, for a s s e s s m e n t  of 
her a sso c ia te d  facia l dysm orphogen esis.  
S h e  exhibited the characteristic  dysm or­
phic long narrow face  with hypotelorism  
(Fig 1). S h e  had a severe anterior open  
bite with a C la s s  II D ivision  1  m alocc lu ­
s io n  on  a  sk e le ta l C la s s  II b a se .  The  
an te r io r  o p e n  bite w a s  su c h  th a t  sh e  
m o d if ie d  h e r d ie ta ry  in ta k e  to  a vo id  
chew ing food and  sh e  had an  abnorm al 
ton gu e  thrust. This, a lo n g  with a rticu la ­
tion  d ifficu ltie s, resu lted  in d ifficu ltie s  
with speech .
A fter m u ltid isc ip lin ary  a s se ssm e n t,  
it w a s  c o n c lu d e d  t h a t  o r t h o g n a t h ic  
su rge ry  w a s  inevitab le  in her c a s e  and  
s o  the  de cision  w a s  m a d e  not to inter­
vene with orthodontic  treatm ent a t th is
s t a g e .  In p a r t ic u la r , fu n c t io n a l a p p li­
a n c e s  were thought to be inappropriate. 
T herefore , o r th o d o n t ic  t re a tm e n t  w a s  
p ostp on ed  until preparation  for orthog­
n a th ic  su rg e ry  c o m m e n c e d  w hen  sh e  
w as skeletally  mature. However, sp ee ch  
therapy w as undertaken  shortly after her 
initial referral, to treat the tongue  thrust  
and  the articu lation difficulties.
W h e n  th e  p a t ie n t  w a s  s k e le t a l ly  
m atu re , a t 1 6  y e a r s  o f age , a fu rth e r  
c o m p re h e n s iv e  m u lt id isc ip lin a ry  p la n ­
n in g m eeting w as undertaken. Her facial 
a p p e a ra n c e  is sh o w n  in F ig 2  and  her 
abnorm al dental a rches are show n  in Fig
3. In a d d itio n  to her a p p e a ra n c e , sh e  
w a s  n oted  to h ave  m ild  h y p e rn a sa lity  
and  persistent articu lation errors in her 
sp e e c h  du e  to the  narrow  de n ta l arch  
and  the reduced m u sc le  tone.
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Fig 1 Patient at the time of referral, 10 years of age, with the characteristically dysmor- 
phogenic "long face".
Fig 2 Patient at 16 years of age, once growth was complete.
treatment p l a n
The treatment plan con siste d  of bimaxil- 
lary o rthogn ath ic  su rge ry , p re ce d e d  by 
decom pensating o rth odon tic  treatm ent. 
The surgical p lan  w as for an  im paction  of 
The maxillary jaw  8  m m  posteriorly, but 
no movement anteriorly, to allow  autoro­
tation to shorten  m idface  height. For the 
m a n d ib le ,  s a g i t t a l  s p l i t  o s t e o t o m y  
a d v a n c e m e n t  by 5  m m  w a s  r e c o m ­
m ended  to produce a C la s s  I incisal rela­
tionsh ip  and  a positive overbite and  over­
je t. S e c o n d a r i ly ,  a n d  a t  a  la te r  d a te ,  
r h in o p la s t y ,  g e n io p la s t y ,  a n d  m a la r  
on lays were p lanned.
| 2
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Fig 3 Dental casts at 16 years of age, Fig 4 Patient at 18 years of age, fo llow ing orthognathic surgery, 
prior to the rapid m axilla ry expansion  
and occlusal decompensation.
O r th o d o n t ic  m a n a g e m e n t  p rio r to  
su rg e ry  c o n s is te d  o f e x p a n s io n  o f the  
m axillary arch, w ithout extractions, and  
a lign m en t of the teeth. In addition, procli- 
j  n a t io n  o f  th e  m a x il la r y  in c i s o r s  w a s  
u n d e rta k e n  to d e c re a se  the  n a so la b ia l  
a n g le ,  a s  w e ll a s  f l a t t e n in g  o f  th e  
o c c lu sa l p lane. In the  m a n d ib u la r  arch, 
the  teeth were a lign ed  a n d  the  inc iso rs  
were retroclined to increase  the overjet.
Tw elve m o n th s  fo llo w in g  th e  c o m ­
m e n c e m e n t  o f o r th o d o n t ic  tre a tm e n t, 
o r th o g n a th ic  su rg e ry  w a s  u n d e r ta k e n  
und er genera l a n e sth e s ia . O rthognath ic  
su rgery  con sisted  of the p lanned  bim axil­
lary m ovem ents and  onlay bone gra fts to 
a u g m e n t  the  h y p o p la st ic  m a la r  bo n e s.  
The patient m a d e  a good  recovery from  
surgery  and  w as d ischarged  2 days later. 
It w as  app aren t postoperatively tha t sh e  
had deterioration in her sp e e ch  articu la­
t io n ; h ow eve r, t h i s  im p ro v e d  s p o n t a ­
n e o u s ly  o ve r  th e  n ext 3  m o n th s .  T he  
postoperative view is show n in Fig 4.
At the tim e of th is writing, the patient 
is 18  m onth s postoperative. The position  
a n d  o c c lu s io n  a re  s t a b le  a n d  s h e  is
de lighted with her app earan ce . S h e  will 
su b se q u e n t ly  u n d e rgo  reduction  rh ino ­
p lasty  and  genioplasty.
DISCUSSION
N e m a lin e  m yopathy is a rare congen ita l 
m u sc le  d ise a se  that is both clinically and  
genetically heterogeneous. The condition  
is u n u su a l in that it can  result both from  
a u t o s o m a l -d o m in a n t  a n d  a u t o s o m a l -  
recessive  ge ne  m utations.1 The resulting  
cond ition  is the  phenotype  a r is in g  from  
t h e s e  d if fe r e n t  g e n e  m u t a t io n s .  T h e  
de fin itive  d ia g n o s is  of the  con d ition  is 
u su a lly  m a d e  on h isto log ic  exam ination  
o f the  m u sc le  b iop sy  sp e c im e n s, w hich  
dem onstrate  characteristic  abnorm al rod 
structures. However, it h a s  recently been  
re p o r te d  th a t  th e re  is  n o  c o r re la t io n  
between the degree  of abnorm ality  o f the  
h isto lo g ic  sp e c im e n  a n d  the  severity  of 
the su b se q u e n t  clinical course.2
The condition  is a lso  curious in that 
both neonata l and  adu lt on se t can  occur. 
T h ose  with neonatal o n se t are of particu-
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lar interest b e c a u se  their resu lting  m u s­
cle w e a k n e ss  can  a lso  afflic t the  fac ia l 
musculature, w hich m ay influence facial 
growth and  deve lopm ent. The condition  
may produce a variety  of c lin ica l s ig n s  
identifiable by clin icians. The characteris­
tic “long fa c e ” is str ik in g  a n d  h a s  been  
previously re p o rte d  in th e  lite ra tu re .3 
Quite a p a r t  fro m  th e  lo n g  fa c e , o th e r  
signs include an  a sso c ia te d  sp e e ch  d is ­
order, and  both d y sp h a g ia 4 an d  opthal- 
mopiegia5 have been  reported.
The treatm ent o p tion s for the facia l 
appearance inc lu de  o rth o d o n tic s  a lon e  
or com b ined  w ith o rth o gn a th ic  surgery. 
However, there  a re  a n u m b e r  o f d is a d ­
van tage s to in te rce p tive  o rth o d o n tic s .  
When c o n s id e r in g  o rth odon tic  interven­
tion, it m u st be rem em bered tha t the vec­
tors of dysm orph ic  jaw  growth differ from  
normal. In c a s e s  su ch  a s  th is one, where  
c r a n io fa c ia l  g r o w th  is  o f te n  u n p r e ­
dictable, an  early dec ision  regard ing the  
likelihood of u lt im ate  o rth o gn a th ic  cor­
rection is required before e m b a rk in g  on  
interceptive therapy. If orthodontic  inter­
vention were to be a ttem pted, then the  
long-term sk e le ta l e ffe c ts  o f fu n c tio n a l 
appliances on the abnorm al m uscu lature  
are questionab le . A lso, w hile vecto rs of
I 4
re la p se  m ay  be p re d ic tab le  in n on d ys-  
m o rp h o ge n ic  c a se s ,  re lap se  vec to rs in 
d y sm o rp h o g e n ic  c a s e s  a re  u n ce rta in .  
Th is reason , and  the certainty tha t cor­
rective  su rg e ry  w a s  in e v ita b le  in th is  
case , led to the de c ision  not to p ursu e  
interceptive treatment.
One result of th is decision  w as that  
the natural growth pattern of th is peculiar  
condition could be studied. Seria l lateral 
c e p h a lo g ra m s  h igh ligh t  th a t  the re  h a s  
been m arked m and ibu lar growth but little 
de ve lopm en t o f the m idd le  third of the  
fa c e . T h e se  la te ra l c e p h a lo g r a m s  a re  
show n in Fig 5.
If s u r g ic a l in te rven tio n  is c o n te m ­
p lated , a s  in th is  c a se , there  are  a lso  
im portant considerations. Any procedure  
requiring general an e sth e sia  needs to be 
u n d e r ta k e n  w ith  care , p a r t ic u la r ly  in 
patients with nem aline myopathy. This is 
be cau se  there are particular risks a sso c i­
ated with general ane sthe sia  in patients 
with th is condition, inc lud ing aspiration, 
hypove n tila tion , a n d  p re d isp o s it io n  to 
m alignan t hypertherm ia.6 The difficulties 
with a n e s th e s ia  in th is  c o n d it io n  an d  
the ir m a n a g e m e n t  have  been  s u m m a ­
rized in the literature.6'7
Fig 5 Outlines of the tracings 
of serial lateral cephalogram s  
dem onstrating the natural facial 
g ro w th . The red line  re p re ­
s e n ts  12 y e a rs  o f age; th e  
black line represents 16 years 
of age. Overall, the mandibular 
g ro w th  is m arked, bu t the re  
has been minimal anteroposte­
rior grow th o f the maxilla.
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CONCLUSION
The fac ia l dysm orphogenesis associated  
w ith  nem a line  m yopathy was presented  
in th is  a rtic le . The au thors described the  
com b ined  o rth o d o n tic  and o rthogna th ic  
surg ica l m anagem ent, and h igh ligh t the  
anesthe tic  risks associa ted w ith th is  con­
d itio n . The lo n g itu d in a l record o f fa c ia l 
d e v e lo p m e n t u n a ffe c te d  by any o r th o ­
don tic  m an ipu la tion  was dem onstrated.
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An unusual com plication  of m andibular d istraction
S. Y. PA R A SH A R , P. J. A N D E R SO N  & D. J. DAVID
A ustralian  C r a n io fa c ia l  U n it, W o m e n 's  a n d  C h ild re n ’s H o sp ita l, 72 K in g  W illiam  R o a d , N o r th  A d e la id e , S o u th  A u s tra lia , 
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S u m m a ry . B a c k g ro u n d . T h e  a u th o rs  p re se n t an u n u su a l c o m p lic a tio n  o f  m a n d ib u la r  d is tra c tio n  in a c h ild  w ith  the cu rio u s  
condition  o f  m u ltip le  p te ry g iu m  sy n d ro m e  is p re sen ted .
Case report. T h e  p a tie n t  w as a C a u c a s ia n  m a le  w ith  se v ere  p te ry g ia  in h is neck . A s a re su lt o f  h is  lim ite d  m o u th  o p en in g  
and re s tr ic te d  u p p e r  a irw a y  le a d in g  to  o b s tru c tio n , he  u n d e rw e n t le n g th en in g  o f  h is  m an d ib le  by  d is tra c tio n , w h ich  s ig ­
nificantly  im p ro v e d  h is  b re a th in g . D u rin g  h is fo llo w -u p , it w as o b se rv ed  th a t an u n u su a lly  e lo n g a te d  p e rm a n e n t m o la r  
was p re sen t in an  a b n o rm a l p o s itio n .
C onclusion . T h is  c a se  h ig h lig h ts  th e  n eed  to  ca re fu lly  p lan  the  sites  fo r o s te o to m y  and  th e  p o te n tia l fo r  d am ag e  to  the  
developing p e rm a n e n t d e n titio n  in y o u n g  ch ild ren .
Introduction
Multiple pterygium  syndrom e is com prised o f  severe 
neck contracture and other craniofacial anom alies. 
The associated mandibular hypoplasia may exacerbate 
the upper airway obstruction. M andibular distraction  
is an estab lished  m ethod to im prove the upper 
airway in young children with airway obstruction  
caused by m andibular h yp op lasias, such as Pierre 
Robin sequence, Treacher C ollins syndrom e and 
Nager syndrom e [ 1 - 3 ] .  M andibular distraction has 
been shown to increase the m inim um  cross-sectional 
area o f  the upper airway that is m aintained through­
out the period o f  growth [1]. H ow ever, mandibular 
distraction can also be associated with complications 
including in fection , haem orrhage, incom plete osteo­
tomy, d islodgem ent o f  pins, failure o f  distraction, 
granuloma, ab scess and inferior a lveolar nerve 
damage, and requires great care in young children  
[4].
The authors report what they believe to be a pre­
viously unreported com plication  fo llow in g  m andib­
ular distraction in a 3-year-o ld  boy with m ultiple  
pterygium syndrom e and Pierre Robin sequence. 
They present a long-term  com plication  o f  distortion 
° f  a permanent tooth fo llic le .
Correspondence: S. Y. Parashar, Australian Craniofacial Unit, 
Women’s and C h ild ren ’s H ospital, 72 King William Street, 
North Adelaide, Soulh Australia 5006, Australia. E-mail: 
sanjayparashar2 0 0  I@ yahoo.com
Case report
A 3-year-old boy presented to the Australian  
Craniofacial Unit, W om en’s and C hildren’s H ospital, 
North A delaide, South A ustralia, A ustralia, with  
multiple pterygium syndrome, Pierre Robin Sequence 
and cleft secondary palate. The subject had severe 
contractures in his neck, axillae, elbows, wrists, groins, 
knees and ankles. Other facia l findings included  
a scaphocephalic head, bilateral epicanthal folds, 
antim ongoloid  slant and m alposition  o f  the ears 
(F ig. 1). He had a hypoplastic lower jaw  with his chin 
almost adherent to the sternum, and obstructive sleep  
apnoea as a result o f  a sm all nasopharyngeal passage.
Oral exam ination was difficult because o f  the 
lim ited mouth opening. The patient had previously  
required m ultiple dental extractions, w hich  were 
carried out for dental caries that was a result o f  poor 
hygiene exacerbated by lim ited mouth opening. He 
underwent m ultid iscip linary assessm ent, including  
a review by a respiratory physician. A  formal sleep  
study reported significant ep isod es o f  obstructive  
apnoea. Plain radiographs, a com puted tom ography  
scan, three-dim ensional reconstruction and m agnetic  
resonance imaging to assist in evaluating his underlying 
anatomical structures supplemented his investigations.
The subject subsequently underw ent bilateral 
mandibular osteotom y, and distraction was performed  
at the rate o f one m illim etre per day. A  mandibular 
lengthening o f  12 mm was achieved (F igs 2 and 3). 
After stabilization for 3 w eeks, the distracters were
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Fig. 1. Photograph o f the subject showing severe pterygia of the 
neck and a hypoplastic mandible.
rem oved and his c left palate was repaired at the same 
time. A  subsequent sleep  study indicated no further 
apnoeic ep isod es. The patient was also noted to have 
im proved mouth open ing and im proved feeding. He 
has been kept under regular review, and his airway 
has rem ained patent.
H ow ever, an orthopantom ogram  at the age o f  
8 years revealed a curious elongated permanent molar 
lying in an abnormal position  that was sym ptom less 
(Fig. 4). A  review  o f  the radiograph demonstrated 
that the first perm anent m olar w as in vo lved  in 
the osteo tom y  site  and w as itse lf  distracted. A ll 
radiology film s were retrospectively reviewed, and 
it w as noted that he had a w ell-developed  crown o f  
left low er m olar prior to osteotom y, as shown in 
Fig. 5. Subsequent radiological examination revealed 
that the osteo tom y site did not involve the crown o f  
the m olar on the left side (Fig. 6). His remaining 
dentition had unremarkable dental anatomy.
The su b ject’s mouth opening deteriorated, and as 
a part o f  h is subsequent m anagem ent at the 11 years 
o f age, a nylon m odel was constructed to plan his
Fig. 2. Photograph showing limited mouth opening.
surgery. This revealed grossly hypertrophied coronoid  
processes, a markedly hypoplastic m andible and a 
very obtuse body ramus angle (Fig. 7).
The patient subsequently underwent stage release  
o f his neck contracture using skin graft, w hich per­
mitted im provement o f  his mouth opening. He w ill 
require further release o f  his neck contracture and 
w ill be continuously review ed by the m u ltid iscip li­
nary team according to the Craniofacial protocol 
throughout the growth period.
D iscussion
Mandibular distraction is an established procedure 
to improve the upper airway in Pierre Robin sequence, 
Treacher C ollins syndrom e, N ager syndrom e and 
other sim ilar conditions with apnoeic attacks [1 - 3 ] .  
The presence o f  severe obstructive apnoea, which  
was identified in this patient by the respiratory  
physician, with pterygium syndrom e directed the 
authors to lengthen the m andible by distraction  
instead o f  releasing the neck contracture as a first 
stage to facilitate mandibular growth potential.
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Fig. 3. Photograph show ing linear m andibular distraction.
fig. 4. Orthopantograph show ing the elongated permanent molar 
on the left side.
Multiple pterygium  syndrom e is a very rare con­
genital deform ity w ith autosom al recessive inherit- 
ance m anifested by m ultip le flexural contractures 
and secondary deform ities involving the craniofacial 
region, spine, trunk, anogenital region and limbs [5]. 
The causes are probably heterogeneous, but decreased
Fig. 6. Plain X-ray of the mandible after the osteotomy showing 
the intact lower molar on the left side.
foetal m ovem ent and neuromuscular pathology have 
been suggested [6],
Distraction o f tissues has been utilized to recruit 
new bone and soft tissues fo llow ing the principle o f  
Ilizarov. T issues including bone, m uscle and tendon 
have been reported to undergo h istogenesis during 
the distraction [7]. In this case, it would appear that 
the distraction force not only stretched these tissues, 
but may have elongated H ertw ig’s root sheath o f  the 
perm anent m olar as w ell. T he dental developm ent  
at the age o f  3 years in his case was within normal 
limits. The other curious finding o f the nylon m odel 
o f this patient was the grossly hypertrophied coronoid  
process. It indicates that the tem poralis m uscle  
generated  large forces over a p ro lon ged  period
Fig. 5. Plain X-ray of the mandible prior to the osteotomy done 
when the subject was 3 years of age showing the well-developed 
crown of the left lower molar.
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Fig. 7. Nylon model made when the subject was 11 years of age 
showing the hypertrophied coronoid process.
to ach iev e  m outh o p en in g , resu lting in such an 
anatom ical change (F ig. 5).
In sum mary, the authors report a late com plication  
fo llow ing mandibular distraction resulting in damage 
to the d eve lop in g  dentition , and it h ighlights the 
need for careful positioning o f  the osteotom y and the 
placement o f  pins. Careful review o f dental radiographs 
should be undertaken to establish the position o f  the
dental fo llic le  as part o f  the preoperative planning  
o f the osteotom y site.
What this paper adds
• This paper presents a previously unreported long-term 
complication of mandibular distraction. Distraction as a 
part of airway management in those with mandibular 
hypoplasia may inevitably result in distortion of 
developing tooth buds.
Why this paper is important for paediatric dentists
• Paediatric dentists are an integral part of the 
multidisicplinary team that manages patients undergoing 
mandibular distraction. Mandibular distraction may 
inevitably alter the dental root morphology which has 
clinical implication should extraction be required.
References
1 Anderson PJ, Netherway DJ, Abbott A, Moore M, David DJ. 
Mandibular lengthening by distraction for airway obstruction 
in Treacher-Collins syndrome: the long-term results. Jo u rn a l 
o f  C ra n io fa c ia l S urgery  2004; 15: 4 7 -5 0 .
2 Moore MH, Guzman-Stein G, Proudman TW, Abbott AH, 
Netherway DJ, David DJ. Mandibular lengthening by distrac­
tion for airway obstruction in Treacher-Collins syndrome. 
Jo u rn a l o f  C ra n io fa c ia l S urgery  1994; 5: 22 -25 .
3 Denny AD, Talisman R, Hanson PR, Recinos RF. Mandibular 
distraction osteogenesis in very young patients to correct 
airway obstruction. P la s tic  and  R econstructive  S urgery  2001; 
108: 302-311.
4 Davies J, Turner S, Sandy JR. Distraction osteogenesis -  a 
review. B ritis h  D e n ta l J o u rn a l 1998; 185: 462-467 .
5 Soranger S, Spranger M, Meinck HM, Tariverdian G. Two 
sisters with Escobar syndrome. A m e rica n  J o u rn a l o f  M e d ic a l 
G enetics  1995; 57: 425-428 .
6  O zkinay FF, O zkinay C, A kin H, A zarsiz  S, G unduz C. 
Multiple pterygium syndrome. In d ia n  J o u rn a l o f  P aed ia trics  
1997; 64: 113-116.
7 Murray JH, Fitch RD. Distraction histogenesis: principles and 
indications. J o u rn a l o f  the A m erican  Academ y o f  O rthopaed ic  
Surgeons 1996; 4: 317-327 .
© 2006 BSPD and IA P D , International Journal o f  Paediatric Dentistry 16: 55 -58
Eye (2009) 23, 2175-2181






A M A  Rahman1'2, SN M adge1'2, K Billing1'2, 
PJ Anderson3,1 Lelbovitch4, D Selva1-2 and D David3
Abstract
Aim  To present the clinical features and 
management outcom es in  a large longitudinal 
series of patients w ith  craniofacial fibrous 
dysplasia (CFD).
Methods Retrospective interventional 
consecutive case series. Main outcome 
measures included signs and symptoms, 
radiographic findings, long-term  
outcomes, and postoperative 
complications.
Results A  total o f 42 patients w ith CFD were 
identified. The mean age at presentation was 
16.7 years; mean follow -up was 12.6 years. Out 
of these 42 patients, 37 (88.1%) had unilateral 
involvement and 5 (11.9%) had bilateral 
involvement, o f w hich 3 (7.1%) had M cCune- 
Albright syndrome. The commonest presenting 
symptom was facial asymmetry (36 cases, 86%). 
The frontal bone was the most commonly 
involved (27 cases, 64.3%), zfollow ed by the 
sphenoid (24 cases, 57.1%). The most common 
pattern of bone involvem ent was monostotic 
(32 cases, 76.2%). Radiological optic canal 
involvement occurred in  18 eyes o f 15 (37.5%) 
patients, w ith optic atrophy in  9 eyes (18.8%) of 
7 patients (16.7%). Surgical intervention was 
performed in 30 (71.4%) cases for both 
functional and reconstructive reasons. Optic 
canal decompression was performed in three 
cases, in all of which stabilization of vision was 
achieved; no patient lost vision as a result of 
surgery.
Conclusions In this large longitudinal 
series of CFD, visual loss w as not uncommon  
and occurred insidiously. The presenting 
clinical and radiological features, surgical 
interventions, and outcom es are discussed.
Eye (2009) 23, 2175-2181; doi:10 .1038/eye.2009 .6 ; 
p u b lish ed  o n lin e  30 Ja n u a ry  2009
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Introduction
T h e  f irs t  d e s c r ip t io n  o f  f ib ro u s  d y s p la s ia  is 
a t t r ib u te d  to  V on R e c k lin g h a u se n  in  1891,1 
a l th o u g h  i t  w a s  L ic h te n s te in  w h o  firs t  c o in e d  
th e  te rm  'f ib ro u s  d y s p la s ia '.2 It is  a n  
u n c o m m o n , h is to p a th o lo g ic a lly  b e n ig n  d ise a se , 
c h a ra c te r iz e d  b y  th e  re p la c e m e n t  o f  n o rm a l 
m a r ro w  b y  p ro lif e ra t in g  f ib ro -o ss e o u s  tis s u e , 
w h ic h  e x p a n d s  a n d  th in s  o v e r ly in g  c o r te x .3 Its  
a e tio lo g y  is a  p o s t-z y g o tic , so m a tic  m u ta t io n  o f  
th e  GNAS  g e n e , w h ic h  e n c o d e s  th e  a  s u b u n i t  o f 
th e  u b iq u i to u s  s t im u la to ry  G  p r o te in .4,5 F ib ro u s  
d y s p la s ia  is a  n o n -fa m ilia l  d is e a se  w ith  o n se t 
u s u a l ly  o c c u rr in g  b y  10 y e a r s  o f  a g e , a l th o u g h  
p ro g re s s io n  is k n o w n  to  o c c u r  in to  a d u l th o o d  
w ith  a s so c ia te d  c o sm e tic  a n d  fu n c tio n a l 
m o rb id ity .
F ib ro u s  d y s p la s ia  o c c u rs  in  a  p o ly o s to tic  fo rm  
in  30%  o f ca se s  or, m o re  c o m m o n ly , a  
m o n o s to tic  fo rm  (70% ).6 W h e n  lim ite d  to  th e  
c ra n io fa c ia l re g io n , m o s t  a u th o r s  c o n s id e r  
th e  d is e a s e  p ro c e ss  to  b e  m o n o s to tic  e v e n  if 
s e v e ra l d if fe re n t  b o n e s  a r e  a f fe c te d , a s  th e r e  is  
o n ly  o n e  d is e a se  fo c u s .7 C ra n io fa c ia l 
in v o lv e m e n t o c c u rs  in  50%  o f  p a t ie n ts  w ith  
p o ly o s to tic  a n d  27%  o f p a t ie n ts  w ith  m o n o s to tic  
f ib ro u s  d y s p la s ia .8 T h e  M c C u n e -A lb r ig h t  
s y n d ro m e  is a  s u b ty p e  o f  th e  p o ly o s to tic  fo rm  
a s so c ia te d  w ith  a re a s  o f  c u ta n e o u s  
p ig m e n ta t io n  a n d  p re c o c io u s  p u b e r ty , 
f irs t d e s c r ib e d  b y  A lb r ig h t  a n d  a s so c ia te s  
in  1937.3
P re v io u s  re p o r ts  in  th e  l i te ra tu r e  o n  
o p h th a lm ic  m a n ife s ta t io n s  in c lu d e  case  
se rie s  a n d  n u m e ro u s  d e s c r ip tiv e , o f te n  
c ro ss -s e c tio n a l s tu d ie s  fo c u s in g  o n  th e  q u e s t io n  
o f  p ro p h y la c tic  vs th e r a p e u t ic  o p tic  n e rv e  
d e c o m p re s s io n .9,10 W e p r e s e n t  a n  a n a ly s is  o f  a 
lo n g i tu d in a l  s e rie s  o f  42 c a se s  o f  c ra n io fa c ia l 
f ib ro u s  d y s p la s ia  (C FD ), c o m p a r in g  th e ir  
c lin ica l fe a tu re s , r a d io lo g ic a l p a t te rn s ,  a n d  lo n g ­
te rm  o u tc o m e s , w ith  a  m e a n  fo llo w -u p  p e r io d  
o f  12.6 y e a rs .
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Materials and m ethods
A  r e tro s p e c t iv e  d e s c r ip t iv e  a n a ly s is  o f  th e  c lin ica l 
p r e s e n ta t io n , m a n a g e m e n t ,  a n d  p o s to p e ra t iv e  c o u rse  o f  
42 c o n s e c u tiv e  p a t ie n ts  w i th  r a d io lo g ic a lly  c o n f irm e d  
f ib ro u s  d y s p la s ia  w a s  c o n d u c te d . C a se s  w e re  id e n tif ie d  
f ro m  th e  A u s tr a l ia n  C ra n io fa c ia l  U n i t  d a ta b a s e . T h e se  
p a t ie n ts  w e r e  m a n a g e d  a t  th e  W o m e n 's  a n d  C h i ld r e n 's  
a n d  th e  R o y a l A d e la id e  H o s p ita ls  in  S o u th  A u s tra l ia  
b e tw e e n  1975 a n d  2006. E th ic a l a p p r o v a l  w a s  o b ta in e d  
f ro m  th e  lo c a l in s t i tu t io n a l  r e v ie w  b o a rd .
T h e  d ia g n o s is  o f  C F D  w a s  e s ta b lis h e d  a f te r  c lin ica l 
r e v ie w  b y  th e  c ra n io fa c ia l su rg e o n s ;  a ll p a tie n ts  h a d  
ra d io lo g ic a l e v a lu a tio n . A  c o m b in e d  te a m  c o n s is tin g  o f  a n  
o p h th a lm o lo g is t  a n d  a  c ra n io fa c ia l s u rg e o n  e v a lu a te d  a ll 
p a t ie n ts . H is to lo g ic a l c o n f irm a tio n  o f  f ib ro u s  d y sp la s ia  
w a s  p e r fo rm e d  o n ly  if o p e ra t iv e  in te rv e n tio n  o ccu rred .
D a ta  f ro m  o p h th a lm o lo g y  re v ie w s  w e re  o b ta in e d  f ro m  
th e  r e le v a n t  c a s e  n o te s  a n d  w e re  d o c u m e n te d  o n  
s ta n d a r d iz e d  p r o  fo rm a  s h e e ts . E x c lu s io n  c r i te r ia  w e re : 
(1) p r e v io u s  c ra n io fa c ia l, c ra n ia l , o r  s t r a b is m u s  su rg e ry ; 
a n d  (2) la c k  o f  p r e o p e r a t iv e  o p h th a lm ic  a s s e s sm e n t.  T h e  
ty p e s  o f  d a ta  c o lle c te d  a r e  s h o w n  in  T ab le  1.
V isu a l a c u i ty  w a s  m e a s u re d  b y  s ta n d a rd iz e d  m e th o d s  
a p p r o p r ia te  to  a g e , w i th  p a t ie n ts  b e in g  c o n s id e re d  to  
h a v e  im p a i r e d  v is io n  ( in  th is  s tu d y )  if  th e y  h a d  a  v is u a l  
a c u ity  o f  6 /1 2  o r  le s s , o r  m o re  th a n  tw o  S n e lle n  lin e s  
p o o re r  th a n  a g e -a d ju s te d  n o rm a tiv e  v a lu e s  in  a t  le a s t  o n e  
e y e .”  V isu a l f ie ld s  w e r e  a s s e s s e d  b y  th e  H u m p h r e y
Table 1  Types of da ta  collected
Demographics 
Patient age
G ender (52% m ale, 48% female)
M a jo r symptoms/signs 
Facial asym m etry  (8 6 %)
M ass (64%)
E piphora (7%)
H eadache (2 0 %)
B lurred vision  (24%)
Eyelid position  abnorm alities (10%)
Loss of visual field (8 %)
D iplopia (8 %)
Sinusitis (8 %)
Epistaxis (3%)
H earing  loss (3%)
M a jo r signs 
Visual acuity
Relative afferent p u p illa ry  defect
C olour vision w ith  the use of 14 Ishihara colour plates
Exam ination of the  fundus
O cular m otility  dysfunction
M easurem ent o f prop tosis w ith  a H ertel exophthalm om eter 
M easurem ent o f in terpup illary  and in tercanthal distances
The percentages in  brackets represent the frequency o f each entTy in this 
series.
V isu a l F ie ld /S w e d is h  In te ra c tiv e  T h re s h o ld in g  
A lg o r i th m  30-2  c o m p u te r iz e d  te s tin g  (A lle rg a n -  
H u m p h re y ) ,  o r  G o ld m a n n  p e r im e try  te s tin g . O p tic  n e rv e  
d y s fu n c tio n  w a s  d e f in e d  a s  th e  p re s e n c e  o f  a 
c h a ra c te r is tic  s c o to m a  (o r f ie ld  d e fic it), o r  a n  a b n o rm a l  
r e s u l t  o n  tw o  o f  fo u r  o th e r  te s ts : v is u a l  a c u i ty  w o rs e  th a n  
6/ 12, c o r re c t  id e n tif ic a tio n  o f  f e w e r  th a n  10 o f  th e  14 
I sh ih a ra  c o lo u r  p la te s ,  th e  p re s e n c e  o f  a  re la t iv e  a f fe re n t  
p u p i l la ry  d e fe c t, o r  e v id e n c e  o f  o p tic  n e r v e  h e a d  p a l lo r  
o n  fu n d a l  e x a m in a tio n .
A x ia l a n d  c o ro n a l c o m p u te r iz e d  to m o g ra p h ic  (CT) 
se c tio n s  w e re  o b ta in e d . W h e re  p o ss ib le , h ig h - re s o lu tio n  
im a g e s  o f  th e  o rb it  w e re  p e r fo rm e d  u s in g  a  0.5 m m  h e lica l 
r u n  f ro m  th e  u p p e r  te e th  to  th e  to p  o f  th e  f ro n ta l  s in u s e s  
in  a  200 m m  fie ld  o f  v iew . T h re e -d im e n s io n a l 
r e c o n s tru c tio n  w a s  p e r fo rm e d  o n  th e  o p tic  c a n a ls  th a t  
w e re  su s p e c te d  to  b e  n a r ro w  o n  in itia l C T  sc a n n in g  a n d  
se c tio n s  p e rp e n d ic u la r  to  th e  lo n g itu d in a l  ax is  o f  th e  o p tic  
ca n a l w e re  g e n e ra te d . T h e  d im e n s io n s  o f  th e  o p tic  w a is t  
w e re  m e a s u re d  w ith  d ig ita l c a llip e rs  o n  th e  re fo rm a tte d  
im a g e s  a n d  th e  a re a  o f  th e  o p tic  ca n a l w a s  c a lc u la te d  
u s in g  th e  m e th o d  d e s c r ib e d  b y  L ee et a /12 (h a lf  th e  h e ig h t  
in  m m  x h a lf  th e  w id th  in  m m  x n, w h e re  n =  3.14).
S u rg e ry  w a s  u n d e r ta k e n  fo r  f u n c tio n a l  o r  
re c o n s tru c tiv e  re a s o n s  la rg e ly  b a s e d  o n  c r i te r ia  o u t l in e d  
in  th e  su rg ic a l  c la s s if ic a tio n  d e s c r ib e d  b y  C h e n  a n d  
N o o rd h o f13 (T ab le  2).
A ll p a t ie n ts  w e re  fo llo w e d  u p  b y  c lin ic a l e x a m in a tio n , 
p la in  r a d io g ra p h s ,  a n d  C T  sc a n n in g , r a n g in g  f ro m  2 
m o n th s  to  31 y e a r s  p o s t-d ia g n o s is  (m e a n  12.6 y e a rs ) . T h e  
f re q u e n c y  o f  fo l lo w -u p  w a s  ta i lo re d  a c c o rd in g  to  d is e a s e  
a g g re ss iv e n e s s , th e  p re se n c e  o f  o p tic  n e r v e  c o m p ro m is e , 
a n d  th e  ty p e  o f  in te rv e n t io n  p e r fo rm e d .
Results
Demographics
A  to ta l  o f  42  p a t ie n ts  w e re  id e n tif ie d . T h e  m e a n  a g e  a t  
p re s e n ta t io n  w a s  16.7 y e a r s  (m e d ia n  15 y e a rs ; r a n g e  0 -5 9  
y ea rs) . T h e re  w e re  20 w o m e n  (47.6 %) a n d  22  m e n  
(52.4% ). O f  42  p a tie n ts ,  36 (85.7% ) w e re  C a u c a s ia n  a n d  6
Table 2 Surgical classification of craniofacial fibrous dysplasia
Zone 1 Frontal, orbital, nasal, 
ethm oid, zygom a, 
u p p e r maxilla 
Zone 2 Parietal p a rt o f the 
occipital, tem poral, 
(lateral cranial base) 
Zone 3 C entral cranial base 
petrous, m astoid, 
p terygoid, sphenoid 
Zone 4 M axillary alveolar 
bone, m andible
Surgical treatm ent for 
epiphora, extraocular m otility 
d isturbance, p roptosis 
Surgical treatm ent largely 
institu ted  for cosmetic reasons
Surgery avoided un til the 
appearance of sym ptom s
Teeth-bearing bones, 
conservative treatm ent
Adapted from  Chen and Noordhoff.13
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(14.3%) w e re  A s ia n . T h e  m e a n  d u r a t io n  f ro m  th e  firs t 
signs o r  s y m p to m s  to  th e  d ia g n o s is  o f  f ib ro u s  d y sp la s ia  
w as 5.6 y e a r s  ( m e d ia n  5 y e a rs ; r a n g e  0 -4 0  y e a rs) . T h ir te e n  
(31.0%) p a t ie n ts  w e re  d ia g n o s e d  a f te r  th e  a g e  o f  18 y ea rs .
T h ir ty -se v e n  (88.1% ) c a se s  h a d  u n i la te r a l  c ra n io fa c ia l 
in v o lv e m e n t a n d  f iv e  (11.9% ) h a d  b ila te ra l  in v o lv e m e n t, 
of w h ich  th re e  (7.1%) p re se n te d  w ith  th e  M c C u n e -A lb rig h t 
sy n d ro m e .
Clinical presentation
D ata o n  th e  p r e s e n t in g  s ig n s  a n d  s y m p to m s  o f p a tie n ts  
are  s u m m a r iz e d  in  T ab le  1. T h e  m o s t  c o m m o n  
p re se n ta t io n  w a s  fa c ia l a s y m m e try , w h ic h  o c c u r re d  in  36 
(86%) p a t ie n ts ,  fo l lo w e d  b y  a n  o rb ita l  o r  fac ia l m a s s  25 
(60%). T h e  m o s t  c o m m o n  o c u la r  p r e s e n ta t io n  w a s  
b lu rre d  v is io n , w h ic h  o c c u r r e d  in  10 (24% ) p a tie n ts ,  
fo llo w ed  b y  e y e l id  p o s i t io n  a b n o rm a li tie s  th a t  o c c u r re d  
in 4 (10% ) p a t ie n ts .
Vision
V isual a c u i ty  w a s  in i t ia l ly  w o r s e  th a n  6 /1 2  in  9 (18.8% ) o f  
the  48 e x a m in e d  e y e s , d u e  to  c o m p re s s iv e  o p tic  
n e u ro p a th y  in  6 (12 .5% ) e y e s  a n d  a m b ly o p ia  in  3  (6.3% ). 
T h ree  f u r th e r  e y e s  w e r e  d ia g n o s e d  w i th  o p tic  
n e u ro p a th y  ( to ta l n in e  e y e s  in  s e v e n  p a t ie n ts ) ,  in  tw o  o f 
w h o m  th e  v is u a l  a c u i ty  h a d  d e c l in e d  to  le s s  th a n  6/12  b y  
th e  e n d  o f  f o l lo w -u p ;  in  th e  t h i r d  p a t ie n t ,  v is u a l  a c u ity  
re m a in e d  s ta b le . In  th o s e  e y e s  w ith  o p tic  n e u ro p a th y , th e  
m e d ia n  f in a l  v is u a l  a c u i ty  w a s  c o u n t in g  f in g e rs  ( ra n g e  
6 /9  to  p e r c e p t io n  o f  lig h t) . In  th is  se rie s , n o  p a t ie n t  
p re se n te d  w i th  a c u te  lo ss  o f  v is io n , w i th  v is u a l  lo ss  
d e v e lo p in g  in s id io u s ly  in  a ll  c a ses . S u rg ic a l o p tic  c a n a l 
d e c o m p re s s io n s  w e r e  p e r fo r m e d  in  th r e e  c ases , o n e  o f  
w h ic h  w a s  p r o p h y la c t ic  a n d  tw o  o f  w h ic h  w e re  
p e r fo rm e d  fo r  c lin ic a l s ig n s  o f  o p tic  n e rv e  c o m p ro m ise ; 
in  th e se  p a t ie n ts ,  th e  v is u a l  a c u i ty  w a s  su c c e ss fu lly  
p re v e n te d  f ro m  d e c l in in g  p o s to p e ra tiv e ly , w ith  fo llo w - 
u p  o f  3 -2 3  y e a r s  (m e a n  11.2 y e a rs ) .
Globe displacem ent
P ro p to s is  w a s  p r e s e n t  in  20 (42.6% ) e y e s ; th e  m e a n  a x ia l 
d isp la c e m e n t  w a s  2 .9 m m  ( m e d ia n  2.5 m m , r a n g e  
1-8  m m ). G lo b e  d is p la c e m e n t  o c c u r r e d  in  34  (72.3% ) e y es  
a n d  th e  m e a n  n o n -a x ia l  d is p la c e m e n t  (ie  v e r t ic a l  o r  
h o r iz o n ta l  d y s to p ia  o f  th e  g lo b e )  w a s  2 m m  (m e d ia n  
2 m m , r a n g e  1 .5 -1 0 m m ).
Radiological findings
T h e  ty p e  o f  r a d io lo g ic a l  b o n e  in v o lv e m e n t  o n  th e  CT 
sc a n s  in c lu d e d :  sc le ro tic  in  21 (50% ) p a t ie n ts ,  p a g e to id  in
11 (26.2% ) a n d  cy s tic  in  2 (4.8% ) (n o  m e n tio n  in  a rc h iv e d  
ra d io lo g ic a l  r e p o r t ,  8 cases).
T h e  m o s t  c o m m o n  r e p o r te d  p a t t e r n  o f  b o n e  
in v o lv e m e n t a s  d e te rm in e d  b y  C T  w a s  m o n o s to tic  
(F ig u re  1), o b s e rv e d  in  32  (76.2% ) p a t ie n ts ,  c o m p a re d  to  
p o ly o s to tic  d ise a se , o b se rv e d  in  10 (23.8% ) p a t ie n ts  
(F ig u re  2). O f  th o se  w i th  m o n o s to tic  d ise a se , 
in v o lv e m e n t  o f  m u lt ip le  b o n e s  a c ro ss  s u tu r e  lin e s  
o c c u rre d  in  22 (68.8%) ca se s  a n d  s in g le  b o n e  in v o lv e m e n t
Figure 1 C ontrast-enhanced axial com puted  tom ography (CT) 
scan (bone w indow s) show ing  a m onostotic varian t of cranio­
facial fibrous dysplasia, centred on the righ t ethm oid bone and 
obliterating the righ t posterior e thm oid  sinus cavities.
Figure 2 Axial CT scan (bone w indow s) show ing a polyostotic 
varian t of craniofacial fibrous dysplasia, associated w ith  the 
M cC une-A lbright syndrom e. The bones are grossly expanded  
w ith th inning of the overlying cortex. N ote the presence of 
both  cyst-like areas as w ell as m ore hom ogenous areas w ith  a 
so-called 'g round-glass' appearance.
Eye
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o c c u r re d  in  5 (15.6% ) (n o  m e n tio n  in  a rc h iv e d  
ra d io lo g ic a l  r e p o r t ,  5 cases) . R a d io lo g ic a l s in u s  
in v o lv e m e n t  o c c u r r e d  in  22  (52.4% ) p a tie n ts .  T h e  f ro n ta l 
s in u s  w a s  th e  c o m m o n e s t  to  b e  in v o lv e d  (14 (63.6% ) 
p a t ie n ts ) ,  fo l lo w e d  b y  th e  e th m o id  (12 (54.5% )), th e  
s p h e n o id  (6 (27 .2% )), a n d  th e  m a x il la ry  s in u s  (5 (22.7% )). 
S in g le  s in u s  in v o lv e m e n t  w a s  th e  m o s t  c o m m o n  p a t te rn  
o c c u r r in g  in  13 p a t ie n ts ,  w i th  m u lt ip le  s in u s  in v o lv e m e n t 
in  9.
T h e  o rb i ta l  ro o f  ( f ro n ta l  b o n e )  w a s  th e  m o s t  c o m m o n  
s i te  o f  o rb i ta l  in v o lv e m e n t ,  o c c u r r in g  in  27  (64.3% ) 
p a t ie n ts ,  fo l lo w e d  b y  th e  la te ra l  o rb i ta l  w a ll ( sp h e n o id )  in  
24 (57 .1% ), w i th  in v o lv e m e n t  o f  th e  f lo o r (m ax illa )  a n d  
m e d ia l  w a l l  (e th m o id )  o c c u r r in g  in  18 (42.9% ) p a t ie n ts  
each .
R a d io lo g ic a l  in v o lv e m e n t  o f  th e  o p tic  c a n a l  w a s  se e n  
in  15 (35 .7% ) p a t ie n ts ,  3 o f  w h ic h  h a d  b ila te ra l  d ise a se ; o f  
th e s e , o p t ic  a t r o p h y  d e v e lo p e d  in  9 e y e s  (18.8%  o f  a ll  
e y e s  a f fe c te d , 50%  o f  a l l  c a se s  o f  r a d io lo g ic a lly  in v o lv e d  
c a n a ls ). O f  th e s e  18 o p t ic  c a n a ls ,  m e a s u re m e n ts  o f  th e  
o p tic  c a n a l  h a d  b e e n  p e r fo r m e d  fo r  10 c a n a ls  
( in a p p ro p r ia te  C T  im a g e s  fo r  p e r fo rm in g  m e a s u re m e n ts  
in  o th e r  c a se s ) , 5 o f  w h ic h  h a d  o p tic  n e u r o p a th y  a n d  5 
d id  n o t. O n  C T  sc a n s  s h o w in g  ra d io lo g ic a l  o p tic  c a n a l 
in v o lv e m e n t ,  th e  a v e ra g e  o p tic  c a n a l  w a is t  h e ig h t  a n d  
w id th  a t  th e  n a r ro w e s t  p o in t  w a s  3 .70  x 3 .26  m m  (a re a  
9 .47  m m 2) in  th e  g r o u p  w i th  n o  o p t ic  n e u ro p a th y , 
c o m p a r e d  w i th  3 .52  x 3 .20  m m  (a re a  8.84 m m 2) in  th e  
g r o u p  w i th  o p tic  n e u ro p a th y .
H istological findings
H is to lo g ic a l  c o n f irm a t io n  o f  th e  d is e a se  w a s  p e r fo rm e d  
in  a l l  c a s e s  th a t  u n d e r w e n t  s u rg e ry  (30 c a se s , 71.4% ; 
F ig u re  3). N o  c a s e s  s h o w e d  m a l ig n a n t  t r a n s fo rm a tio n  
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F igure 3 The typical histo logy of fibrous dysplasia is show n 
here from  one of the cases that u n d erw en t surgical intervention. 
C urvilinear bony  trabeculae w ith  irregu lar m argins are 
contained w ith in  a cellular fibrous background.
O p e ra t iv e  in te rv e n t io n  w a s  p e r fo rm e d  in  30 (71.4% ) 
c ases ; th e  m e d ia n  t im e  to  su rg ic a l  in te rv e n t io n  w a s  1 
y e a r  f ro m  d ia g n o s is . R a d ic a l re se c tio n s  o f  o rb ita l  b o n e s  
in  v a r io u s  c o m b in a tio n s  w e re  p e r fo rm e d  in  23 cases; 
b o n e  c o n to u r in g  w a s  p e r fo rm e d  in  4  c ases . S u rg ic a l o p tic  
c a n a l d e c o m p re s s io n  w a s  p e r fo rm e d  in  th r e e  c a se s , o n e  
o f  w h ic h  w a s  p ro p h y la c tic . O f  a ll th o s e  p a t ie n ts  th a t  h a d  
su rg e ry , 11 r e q u ire d  m o re  th a n  o n e  p ro c e d u r e  o v e r  th e  
fo l lo w -u p  p e r io d .
O f  th e  18 ra d io lo g ic a lly  in v o lv e d  o p tic  c a n a ls , th r e e  
u n d e r w e n t  o p tic  c a n a l d e c o m p re s s io n . In  th e  tw o  
th e r a p e u t ic  d e c o m p re s s io n s  p e r fo rm e d  fo r  c o m p re s s iv e  
o p tic  n e u r o p a th y  (b o th  in  m o n o s to tic  d is e a se ) , th e  v is u a l  
a c u ity  d id  n o t  d e c lin e  f u r th e r  p o s to p e ra t iv e ly  ( s ta b le  a t  
6 /1 8  in  o n e  case , 6 /3 6  in  a n o th e r ) .  In  th e  th i rd  case , a  
p ro p h y la c tic  d e c o m p re s s io n  w a s  p e r fo rm e d  in  a  1 3 -y ear- 
o ld  g ir l  w ith  p o ly o s to tic  d ise a se ;  th e  p re o p e ra t iv e  a c u ity  
w a s  6/6 a n d  th e r e  w a s  n o  s u b s e q u e n t  d e te r io ra t io n  o r  
p ro g re s s io n  o f  d ise a se . T h e  m e a n  fo llo w -u p  p e r io d  fo r  
th e s e  th r e e  p a t ie n ts  w a s  11.2 y e a r s  ( ra n g e  3 -2 3  y e a rs ) . O f  
th e  15 in v o lv e d  c a n a ls  th a t  w e re  n o t  d e c o m p re s s e d ,  o p tic  
n e u ro p a th y  d e v e lo p e d  in  7  e y e s  a n d  o f  th e s e  7, th e  v isu a l  
a c u ity  d e te r io ra te d  in  o n ly  2  e y e s  ( 6 /9  to  6 /1 8  a n d  6 / 9  to  
h a n d  m o v e m e n ts ) ;  a  re la t iv e  a f fe re n t  p u p i l la ry  d e fe c t  o r  
o p tic  a t r o p h y  d e v e lo p e d  in  th e  r e m a in in g  5 p a t ie n ts .  In  
th e  tw o  p a t ie n ts  in  w h o m  v is u a l  d e c lin e  w a s  n o te d , th e re  
w e re  n o  s ig n if ic a n t d if fe re n tia t in g  f e a tu re s  in  th e ir  
r e sp e c tiv e  p a t te r n s  o f  d is e a s e  o r  d e m o g ra p h ic s .
P o s to p e ra tiv e  c o m p lic a tio n s  o c c u r re d  in  15 (50% ) 
p a t ie n ts ,  in c lu d in g  in fe c tio n , b in o c u la r  d ip lo p ia ,  a n d  
c ra n ia l  n e rv e  p a ls ie s  in  3 (10% ) p a t ie n ts  ea c h ; p a in  in  2 
(13.3% ); e p is ta x is , h y p e r t ro p h ic  scar, a n a e m ia , a n d  
e c tro p io n  in  1 (6 .7% ) e a c h .
Surgical intervention and outcomes
Follow-up
T h e  m e a n  fo llo w -u p  fo r  th e  p o p u la t io n  w a s  12.6 y e a rs  
( ra n g e  2  m o n th s  to  31 y e a rs ) . O v e r  th e  p e r io d  o f 
o b se rv a tio n , ra d io lo g ic a l  p ro g re s s io n  o f  c ra n io fa c ia l 
b o n e s  o th e r  th a n  th e  o p tic  c a n a l o c c u r re d  in  th r e e  c a ses , 
b u t  c lin ic a l d e te r io ra t io n  o f  c o m p re s s iv e  o p tic  
n e u r o p a th y  o c c u r re d  in  tw o  cases.
D iscussion
C ra n io fa c ia l f ib ro u s  d y s p la s ia  is  a  h is to lo g ic a lly  b e n ig n  
d is e a s e 13,14; h o w e v e r , o u r  se rie s  a t  a  te r t ia ry  r e fe r ra l  
c e n tre  d e m o n s tr a te s  th a t  i ts  p r e s e n ta t io n  u s u a l ly  o c c u rs  
e a r ly  in  life  a n d  a  d e g re e  o f  v is u a l  lo ss  is n o t  a n  
u n c o m m o n  c o m p lic a tio n  (18.8%  a t  p r e s e n ta t io n  in  th is  
se rie s ). T h e  m a jo r ity  o f  p a t ie n ts  r e q u ire d  s u rg ic a l  
in te rv e n t io n  d u r in g  th e  c o u rs e  o f  th e  d is e a se , m a in ly
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d u e  to  fac ia l a s y m m e tr y  a n d  o rb ita l  m a s s  effect.
It s h o u ld , h o w e v e r , b e  n o te d  th a t  o u r  e x p e r ie n c e  
likely re f le c ts  th e  te r t ia ry  r e fe rra l  o f  m o re  se v e re ly  
affected  cases.
Disease p resen ta tio n
F ib rous d y s p la s ia  h a s  t r a d i t io n a l ly  b e e n  r e g a rd e d  a s  a 
d isease  o f  c h i ld h o o d , w ith  s y m p to m s  d e v e lo p in g  m o s t  
o ften  w i th in  th e  f ir s t  tw o  d e c a d e s  o f  life . T h e  d y sp la s t ic  
e x p a n s io n  b e c o m e s  q u ie s c e n t  a f te r  p a t ie n ts  r e a c h  
p u b e r ty  in  6 0 -8 0 %  o f  c a se s ; h o w e v e r , th e  e n d  p o in t  o f  
tu m o u r  g r o w th  is  u n p r e d ic ta b le  a n d  e n la rg e m e n t  
has b e e n  o b s e rv e d  th r o u g h  th e  s e v e n th  d e c a d e .14 
In o u r  s tu d ie d  p o p u la t io n ,  th e  m e a n  a g e  a t  p re s e n ta t io n  
w as 16.7 y e a r s .  O f  th e  30 p a t ie n ts  th a t  u n d e r w e n t  
su rg ica l in te rv e n t io n ,  19 (63.3% ) w e re  t r e a te d  su rg ic a lly  
b efo re  th e  a g e  o f  18 y e a r s  ( th e  p e r io d  o f  m o s t  ra p id  
d y sp la s tic  e x p a n s io n ) ;  h o w e v e r , th e  r e m a in in g  11 
(36.7%) p a t ie n ts  t r e a te d  su rg ic a l ly  w e re  18 y e a rs  
an d  o ld er.
T h e  ty p ic a l  p ic tu r e  o f  C F D  d e p e n d s  o n  th e  e x p a n s io n  
an d  c o m p re s s io n  o f  p a th o lo g ic a l  b o n e  a g a in s t  a d ja c e n t 
s t ru c tu re s .6 In  th e  la rg e s t  r e p o r te d  s e rie s  o f  66 p a t ie n ts ,  
Becelli et a t15 fo u n d  th a t  in  24 (36.3% ), th e  d is e a s e  w a s  
lack in g  e v id e n t  sy m p to m a to lo g y . In  a  f u r th e r  s e rie s  o f  
27 cases, Y a v u z e r  et alll> f o u n d  th a t  p a in le s s  b o n y  
e n la rg e m e n t r e s u l t in g  in  s k e le ta l  d e fo rm ity  a n d  g r a d u a l  
a s y m m e try  w a s  th e  m o s t  c o m m o n  s y m p to m . In  o u r  
s tu d ie d  p o p u la t io n ,  36  (76.6% ) p a t ie n ts  p r e s e n te d  w ith  
facial a s y m m e try , a l th o u g h  19%  h a d  h e a d a c h e  a t  
p re se n ta tio n , c o n s id e ra b ly  le s s  th a n  7 /1 0  (70% ) o f  cases  
n o te d  to  h a v e  ip s i la te r a l  h e a d a c h e  o r  o rb ita l  p a in  b y  
R o o tm a n .17
R adiological p a tte rn  o f  in vo lvem en t
T he r a d io lo g ic a l  p a t t e r n  o f  b o n e  in v o lv e m e n t  in  th is  
se rie s  r e v e a le d  a  p r e d o m in a n c e  o f  sc le ro s is ; th is  h a s  b e e n  
v a r ia b le  a m o n g  th e  d if fe r e n t  p u b l is h e d  s e r ie s .10'18'19'20'22 
R o o tm a n  et al18 h a v e  fo u n d  th e  p a t te r n  to  b e  e q u a lly  
d is tr ib u te d  a m o n g  th e  tw o  g ro u p s ,  sc le ro tic  a n d  
p a g e to id . O th e r s  h a v e  fo u n d  p a g e to id  to  b e  th e  m o s t  
c o m m o n .10 In  o u r  se r ie s , m o s t  p a t ie n ts  h a d  m o n o s to tic  
lesio n s th a t  in v o lv e d  m u l t ip le  a d ja c e n t  b o n e s  a n d  
c ro ssed  s u tu r e  l in e s , w h ic h  is  in  a g re e m e n t  w ith  th a t  
r e p o r te d  in  o th e r  s e r ie s .19 H o w e v e r , d is t in c tio n  b e tw e e n  
m o n o s to tic  a n d  p o ly o s to tic  fo rm s  ca n  b e  d if f ic u lt  b e c a u s e  
o f th e  in t im a te  c o n n e c tio n  o f  th e  in d iv id u a l  c ra n io fa c ia l 
b o n e s .20
In  tw o  m a jo r  se r ie s , th e  f ro n ta l  b o n e  w a s  in v o lv e d  in  
58% o f  c a s e s  a n d  th e  s p h e n o id  in  3 5 %.8 O th e r  r e p o r ts  
h a v e  f o u n d  th e  m a x il la  to  b e  th e  c o m m o n e s t  b o n e  
in v o lv e d .10 A s  in  o u r  se r ie s , R o o tm a n  et aVs f o u n d  th a t
th e  f ro n ta l  b o n e  w a s  th e  c o m m o n e s t  in v o lv e d  b o n e  in  th e  
o rb ita l  re g io n .
Visual lo ss and o p tic  nerve decom pression
V isu a l d is tu rb a n c e  h a s  b e e n  r e p o r te d  to  o c c u r  in  u p  to  
18% o f  cases d u e  to  o p tic  c a n a l  in v o lv e m e n t,8 a  f ig u re  
s im ila r  to  th e  p r e v a le n c e  in  o u r  se rie s , in  w h ic h  
c o m p re s s iv e  o p tic  n e u r o p a th y  o c c u r re d  in  n in e  (18.8% ) 
eyes . C h ro n ic  v is u a l  lo ss  d u e  to  c o m p re s s iv e  o p tic  
n e u ro p a th y  w a s  th e  o n ly  p a t te r n  o f  p r e s e n ta t io n  o f  v is u a l  
lo ss  in  o u r  se rie s ; th is  c o n tra s ts  w ith  o th e r  s e r ie s  th a t  
h a v e  r e p o r te d  a  p r e d o m in a n c e  o f  a c u te  v is u a l  lo ss  in  
f ib ro u s  d y s p la s ia .10 In  a d d i t io n ,  a m b ly o p ia  w a s  c o m m o n  
in  o u r  se rie s , le a d in g  to  a v isu a l  a c u i ty  o f  < 6/12  in  th r e e  
e y e s  (6.3% ), a  f ig u re  c o n s id e ra b ly  h ig h e r  th a n  th e  n o rm a l  
2 .9% , a c c o rd in g  to  p o p u la t io n  d a ta  fo r  c h i ld r e n  b e tw e e n  
4 a n d  10 y e a r s .21 T h is  h ig h  p re v a le n c e  o f  a m b ly o p ia  is 
h a rd  to  e x p la in  b u t  m a y  re la te  to  th e  h ig h  d e g re e  o f  fac ia l 
d e fo rm ity  in  o u r  p a tie n ts .
O p tic  c a n a l d e c o m p re s s io n  s u rg e ry  c a n  b e  e i th e r  
th e r a p e u t ic  o r  p ro p h y la c tic ,  w i th  s o m e  s u rg e o n s  
p e r fo rm in g  c o n tra la te ra l  p ro p h y la c tic  s u rg e ry  a t  th e  tim e  
o f in itia l  th e r a p e u t ic  d e c o m p re s s io n .9 D e s p ite  th e  o p tic  
n e rv e 's  p u ta t iv e  la c k  o f p la s tic ity , im p ro v e m e n t  
fo llo w in g  th e r a p e u t ic  s u rg e ry  is w e ll d o c u m e n te d .9,10 
N e v e r th e le s s ,  th e  re a lis tic  g o a l o f  s u c h  s u rg e ry  is to  
m a in ta in  v is io n  a n d  m u s t  b e  b a la n c e d  a g a in s t  th e  r is k  o f 
p o s to p e ra t iv e  v is u a l  loss .
T h e  case  fo r  p ro p h y la c tic  d e c o m p re s s io n  o f  th e  o p tic  
c a n a l re v o lv e s  a ro u n d  th e  u n p re d ic ta b i l i ty  o f  o n s e t  o f  
a c u te  v isu a l lo ss  (o ften  d u e  to  th e  d e v e lo p m e n t  o f  a n  
a n e u ry s m a l  b o n e  c y s t o r  m u c o c o e le )  a n d  th e  sh o r t  
a m o u n t  o f  t im e  b e fo re  it b e c o m e s  p e r m a n e n t ,9 a l th o u g h  
t r e a tm e n t  w i th  c o r t ic o s te ro id s  a n d  u r g e n t  su rg ic a l  
d e c o m p re s s io n  m a y  o c c a s io n a lly  r e v e r s e  a c u te  v is u a l  
lo s s .10 H o w e v e r , th e  fu n c tio n  o f p ro p h y la c tic  su rg ic a l  
in te rv e n tio n  is c o n tro v e rs ia l  a s  re s e c tio n  o f  d y sp la s t ic  
b o n e  c a r r ie s  a r isk  o f  su rg ic a lly  in d u c e d  v is u a l  lo s s .1 
P ro p o n e n ts  o f  p ro p h y la c tic  s u rg e ry  a r g u e  th a t  o p tic  c a n a l 
in v o lv e m e n t b y  f ib ro u s  d y s p la s ia  h e r a ld s  v isu a l 
d y s fu n c tio n : C h e n  et al9 fo u n d  th a t  o f  18 p a t ie n ts  w ith  
c lin ica l o r  r a d io lo g ic a l  e v id e n c e  o f  o p tic  c a n a l 
in v o lv e m e n t, 12 (67% ) h a d  s o m e  d e g re e  o f  v isu a l  lo ss , 
w i th  6 o f  th e se  12 h a v in g  v is u a l  a c u it ie s  o f  h a n d  m o tio n  
o r  le ss , 1 o f  w h o m  w a s  b ila te ra l ly  a ffe c ted . A  re c e n t 
s tu d y  b y  L ee  et a /12 c h a lle n g e d  th e s e  f in d in g s , s h o w in g  
th a t  e n c a s e m e n t o f th e  o p tic  c a n a l in  f ib ro u s  d y s p la s ia  
w a s  n o t  c o r re la te d  w ith  v is u a l  lo ss  in  38 p a tie n ts . 
H o w e v e r , th is  w a s  a  c ro ss -s e c tio n a l s tu d y , c o n d u c te d  a t  a 
p o in t  in  tim e , a n d  c a n  a lso  b e  c r itic iz e d  fo r  se le c tio n  b ias : 
p a t ie n ts  w h o  h a d  p re v io u s ly  u n d e r g o n e  th e r a p e u t ic  
o p tic  n e rv e  d e c o m p re s s io n  (ie  th o se  p a t ie n ts  w ith  v isu a l  
lo ss) w e re  e x c lu d e d  f ro m  th e  s tu d y . In  a n o th e r  re c e n t
Eye
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c ro ss -s e c tio n a l c a s e  s e r ie s , C r u z  et al7 a lso  f o u n d  th a t  
ra d io lo g ic a l  e v id e n c e  o f  a p ic a l in v o lv e m e n t in  f ib ro u s  
d y s p la s ia  (55.9%  o f a p ic e s  w e re  n a r ro w e d , d e f in e d  as 
c ir c u m fe re n tia l  n a r ro w in g )  d o e s  n o t  n e c e s sa r ily  c a u se  a 
c lin ica l o p tic  n e u r o p a th y ;  h o w e v e r , it  is  n o t  c le a r  w h e th e r  
p a t ie n ts ,  w h o  m ig h t  h a v e  a l r e a d y  s u s ta in e d  v is u a l  loss, 
w e re  in c lu d e d  in  th e  s tu d y . In  su m m a ry , it  is  c le a r  th a t  
o p tic  c a n a l  n a r ro w in g  per se d o e s  n o t  n e c e s sa r ily  c a u s e  
o p tic  n e u r o p a th y ;  f ro m  th e  a v a ila b le  d a ta ,  h o w e v e r , in  
th e  a b s e n c e  o f  a n e u r y s m a l  b o n e  c y s ts  o r  m u c o c o e le  
fo rm a tio n , i t  is  n o t  y e t  c le a r  w h e th e r  p ro p h y la c tic  
d e c o m p re s s io n  o f  th e  o p tic  n e r v e  in  f ib ro u s  d y s p la s ia  is  
in d ic a te d  o r  n o t.
T h e  r e la t iv e ly  h ig h  in c id e n c e  o f  c h ro n ic  v is u a l  lo ss  a s  a 
r e s u l t  o f  c o m p re s s iv e  o p t ic  n e u r o p a th y  in  o u r  
lo n g i tu d in a l  c a s e  s e r ie s  w o u ld  se e m  to  s u p p o r t  e a r ly  
in te rv e n tio n . H o w e v e r , th e  m a jo r ity  o f  o u r  p a t ie n ts  w ith  
r a d io lo g ic a l  s te n o s e s  d id  n o t  p ro g re s s  o v e r  th e  
o b s e rv a t io n  p e r io d  a n d  in  th o se  s e v e n  e y e s  w ith  
r a d io lo g ic a l  o p t ic  c a n a l  in v o lv e m e n t  a n d  c o m p re s s iv e  
o p tic  n e u ro p a th y ,  w h o  d id  n o t  u n d e r g o  su rg e ry , th e  
v isu a l a c u i ty  d i d  n o t  d e te r io r a te  in  fo u r  (o v e r  a  m e a n  
fo llo w -u p  o f  19 y e a rs ) . A l th o u g h  o n ly  a  r a n d o m iz e d  
c lin ica l tr ia l  w il l  p r o v id e  a  d e f in itiv e  a n s w e r , o u r  c u r re n t  
p ra c tic e  is  n o t  to  p e r fo rm  p ro p h y la c t ic  d e c o m p re s s io n , 
b u t  to  m o n i to r  th o s e  w i th  r a d io lo g ic a l  in v o lv e m e n t o f  th e  
o p tic  c a n a l.
Other surgery
S u rg ic a l t r e a tm e n ts  c a n  b e  b r o a d ly  c a te g o r iz e d  in to  tw o  
d if fe r e n t  te c h n iq u e s :  a  c o n s e rv a tiv e  a p p ro a c h ,  c o n s is t in g  
o f  th e  s h a p in g  o f  th e  d y s p la s t ic  b o n e  tis su e , o fte n  
r e p e a te d  o v e r  t im e , a v o id in g  th e  r e m o v a l  o f  b o n e  (o r 
p o s tp o n in g  i t  u n t i l  i t  b e c o m e s  in d isp e n s a b le ) ;  a n d  a 
ra d ic a l  a p p r o a c h ,  c o n s is t in g  o f  re m o v a l o f  th e  
p a th o lo g ic a l  b o n e  t is s u e  a n d  its  re c o n s tru c tio n  
w ith  a n  a u to lo g o u s  b o n e  g r a f t .22 S u rg ic a l in te rv e n tio n s  
w e re  p e r fo r m e d  o n  30 (71.4% ) p a t ie n ts  in  o u r  se rie s , 
w i th  11 r e q u i r in g  f u r th e r  s u r g e r y  o v e r  th e  c o u rse  o f  
fo llo w -u p .
L e s io n s  t h a t  a r e  e x p e c te d  to  d e m o n s tr a te  a g g re ss iv e  
b e h a v io u r  in c lu d e  th o s e  a s so c ia te d  w ith  e x c e ss iv e  
h o rm o n a l  d r iv e  ( M c C u n e -A lb r ig h t  s y n d ro m e )  a n d  th o se  
a s s o c ia te d  w i th  g r o w th  h o rm o n e -p ro d u c in g  tu m o u r s .9 
O f  th e  th r e e  c a s e s  o f  M c C u n e - A lb r ig h t  s y n d r o m e  in  o u r  
se rie s , a  6-y e a r -o ld  m a le  c h ild  d id  n o t  r e q u ire  o p e ra t iv e  
in te r v e n t io n  o v e r  19 y e a r s  o f  fo llo w -u p , a n o th e r  6-y e a r-  
o ld  m a le  c h ild  r e q u i r e d  a  t r a n s c r a n ia l  re s e c tio n  a t  2 y e a r s  
a f te r  d ia g n o s is ,  a n d  a n  in f a n t  r e q u ire d  th r e e  d e b u lk in g  
p ro c e d u re s  o v e r  7  y e a r s  o f  o b s e rv a tio n . A ll th r e e  cases 
h a d  a  sc le ro tic  r a d io lo g ic a l  a p p e a r a n c e  o n  CT, w h ic h  is 
c o n s is te n t  w i th  a n  a g g re s s iv e  n a tu r e  o f  d is e a se  w ith  a n  
e a r l ie r  o n se t.
M alignant transformation
M a lig n a n t t r a n s fo rm a tio n  o f  f ib ro u s  d y s p la s ia  o c c u rs  
in f re q u e n tly , w ith  r e p o r te d  f re q u e n c ie s  r a n g in g  f ro m  0.4 
to  4 %.23 N o n e  o f  o u r  c a se s  d e m o n s tr a te d  m a lig n a n t  
c h a n g e  o v e r  th e  p e r io d  o f  o b s e rv a tio n .
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CHAPTER SIX
INTRODUCTION
Scientific research is essential if our understanding of the altered 
craniofacial morphology and anatomy due to the underlying pathological 
processes are to be improved. The development of new technologies 
including three dimensional CT scanning allows more accurate definition 
of changes in morphology which occur in different disease processes 
affecting the craniofacial region. With improved understanding in 
morphological changes the differences from normal anatomical 
structures enables a refining of management and the surgical techniques 
used for correction.
Additional knowledge provided by molecular biology and the study of 
disease processes at a cellular level is an opportunity which provides 
the possibility for developing new therapeutic regiemes which could 
alter the natural history of the disease process. This is a significant goal 
in the management of craniosynostosis where treatment has remained 
surgically based for over a hundred years.
In this chapter the first group of papers are studies using 
morphometric analysis of cranial disease and how the results of detailed 
studies can affect clinical management. The second group of papers are 
as a result of collaborative work with my colleague A/Prof Barry Powell, 
a molecular biologist. We have jointly directed the work of the
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Craniosynostosis laboratories studying molecular changes affecting 
cranial suture cells since 2005. This longitudinal investigation into the 
fundamental cause of disease is supported by the NHMRC in Australia.
It has the ultimate aim of trying to develop non-surgical adjuvant 
therapeutic treatments for children with severe phentotypes of 
craniosynostosis where currently the only treatments are multiple 
transcranial surgical interventions, which may need to be repeated 
during childhood.
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CHAPTER SIX - PAPERS
The first paper is a morphometric analysis of children with 
plagiocephaly resulting in asymmetrical head shapes. The causes can 
either be positional plagiocephaly or may result from a unilateral 
synostosis affecting either the lambdoid or the coronal sutures. This 
investigation undertakes detailed shape analysis and compares the 
results for the different underlying causes and identifies a number of 
landmarks and measurements which can be used to distinguish between 
the different groups.
The second paper is an investigation into cervical spine anomalies 
using 3D CT scans of children with cleft lip and palate. Previous 
investigations had used two dimensional conventional radiography, 
often w ith cephalograms which only demonstrated the upper cervical 
spine. This study identified a range of anomalies, including smaller 
vertebral bodies suggesting growth disturbance in the cervical spine 
development may occur in association with formation of cleft lip and 
palate deformity.
The third paper is an investigation into the hyoid bone in cleft lip and 
palate children, again using 3D CT scans. This identified a range of 
anomalies and suggested that the growth and development of the hyoid 
bone may also be abnormal in cleft lip and palate children.
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The fourth paper was an investigation into the asymmetry of the nasal 
bones in children with unilateral cleft lip and palate, when compared to 
isolated cleft palate and bilateral cleft palate. It found that that the 
growth of the nasal bones appears to be affected by the cleft, even 
though it is some distance from the cleft itself and results in nasal bone 
asymmetry.
The fifth  paper is a study into the intracranial volumes in children with 
non-syndromic craniosynostosis. This has been studied previously and 
measurements made either directly with water or seeds or indirectly 
using two dimensional radiology. This study using refined measuring 
techniques and 3D CT scanning technology to try to precisely measure 
the volume. The findings are very important for surgeons since it 
follows that the goal of surgical treatment for affected children should 
be calvarial remodelling rather than volume expansion.
The sixth paper was a review of the morphological and histological 
changes associated with the primary and secondary dentitions in Apert 
syndrome children. It identified morphological anomalies of the enamel 
and dentine not previously recorded. Combined with the morphological 
changes in crown and root morphology. This knowledge is important to 
paedodontists and orthodontists managing children who require good 
dental care for orthodontics because at skeletal maturity orthognathic 
surgery is inevitable, and relapse is prevented, at least in part, by pre- 
surgical orthodontic treatment.
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The seventh paper is the first molecular biology study. In it microarray 
technology and a novel “ in vivo-in vitro’’ approach to identify genes 
which are important in calvarial tissue differentiation have been 
undertaken as part of a study to improve understanding of the molecular 
processes in craniosynostosis. This collaborative study was undertaken 
using “ state of the art” technologies available at Queensland University 
of Technology but directed by the Craniosynostosis laboratory team 
using tissue samples collected by myself from patients in Adelaide. This 
study identified genes which were known to be important in signalling 
pathways which had not been previously well recognised as having 
roles in craniosynosotosis.
The eighth paper is a particularly significant paper which investigated 
changes in gene expression in sutural tissues, comparing fused and 
unfused cranial sutures of children with Apert syndrome and non- 
syndromic craniosynostosis, using microarray technology. This 
identified a number of novel genes to be differentially expressed as well 
as confirming differential expression in genes previously identified. The 
significance of the study is that it was the first time that gene changes 
had been found to be similar in both syndromic and non-syndromic 
cranial sutures. The implication is that studying human tissue from the 
more common non-syndromic craniosynostosis the results can be 
reasonably extrapolated to include rarer syndromic forms where
248
ultimately a medical therapeutic intervention (possibly developed from 
differential gene expression) is most desirable.
The ninth and final paper a molecular biological study to attempt to 
manipulate culture media to reproduce the gene expression in cranial 
suture cells which is lost on culture of the cells when they become de­
differentiated. The outcome was that although changes in cells markers 
do occur in different osteogenic media, no conditions were able to 
recreate the same genetic expression as the human cranial tissues. This 
final paper highlights the need for caution in interpreting results from 
cell cuture studies of cranial suture cells and emphasizes why it 
essential that scientific investigation in this topic is rigorous, even 
though the price of care is that true progress may be slow.
In summary the morphology papers studying cleft lip and palate 
craniofacial morphology demonstrate that morphological changes can 
occur much furtheraway from the site of the cleft than had previously 
been recognised. The molecular studies to date raise the possibility that 
adjuvant non-surgical treatment remains a possibility in the future. 
However, much remains to be done. Further functional studies of the 
newly identified differentially genes in human cells and tissues as well 
as animal studies are required to select possible treatments before 
human trials could be considered.
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Three-Dimensional Computed Tomography Cephalometry of 
Plagiocephaly: Asym m etry and Shape Analysis
D.J. Netherway, B.Sc.(Hons.), Ph.D., A.H. Abbott, B.D.S., B.Sc.Dent.(Hons.), Ph.D., N. Gulamhuseinwala, M.B., 
Ch.B., B.Sc., K.L. McGlaughlin, M.B., B.S., B.Med.Sc.(Hons.), P.J. Anderson, M.B., Ch.B., B.D.S., M.D.(Edin), 
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Objective: To investigate facial asymmetry associated with both deforma- 
tional and synostotic plagiocephaly and to identify variables based on skeletal 
landmarks that distinguish the conditions and quantify severity.
Design: Retrospective, cross sectional.
Setting: Australian Craniofacial Unit, Adelaide.
Main Outcome Measures: Proportional differences between bilateral distanc­
es and principal component (PC) analysis of the skeletal landmarks.
Patients: The three-dimensional positions of 78 osseous landmarks were de­
termined from computed tomography (CT) scans of 21 patients with deforma- 
tional plagiocephaly (DP), 20 patients with unilateral coronal synostosis (UCS), 
and 2 patients with unilateral lambdoid synostosis (ULS).
Results: For both DP and UCS, significant asymmetry was found for the 
orbital depths, mandibular lengths, maxillary depths, zygomatic arch lengths, 
lateral base of the parietal bone, and the angle between the anterior and the 
posterior cranial base projected onto the axial plane. The small sample size 
for ULS precluded definitive statistical statements but allowed some useful 
comparisons with the other conditions. The first three PC scores were able to 
distinguish among the three conditions and which side was affected.
Conclusions: The asymmetry of the cranial base and facial structures, aris­
ing from localized abnormality or deformational forces in either the frontal or 
the occipital regions, can be quantified by a plethora of bilateral features or 
summarized by PC analysis.
KEY WORDS: asymmetry, coronal synostosis, deformational plagiocephaly, geo­
metric morphometries, lambdoid synostosis, plagiocephaly, prin­
cipal component analysis, Procrustes
Plagiocephaly is a descriptive term that refers to an asym­
metric, twisted head shape but does not indicate the underlying 
etiology of the morphological phenotype. Potential causes in-
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FIGURE 1 3D CT reconstructions of patients with plagiocephaly having distinct etiology. A: Right posterior DP. B: Right UCS. C: Right ULS.
tially increases the initial deformation, given the softness and 
pliability o f the infant skull.
Unilateral craniosynostosis o f a paired suture may also result 
in plagiocephaly. Unilateral coronal synostosis (UCS) refers to 
the premature fusion o f the coronal suture on one side and 
occurs with an incidence o f 1 in 10,000 live births (Cohen, 
2000). Unilateral lambdoid synostosis (ULS) is significantly 
more rare, with an incidence of approximately 1% of those 
presenting with posterior DP (Menard and David, 1998). Cra­
niosynostosis o f  metopic and sagittal sutures results in the dis­
tinctive but symmetric head shapes trigonocephaly and scaph­
ocephaly, respectively.
Deformational plagiocephaly and unilateral synostosis have 
differing etiologies that require totally different approaches to
management. Patients with craniosynostosis often undergo sur­
gical excision of the affected cranial sutures and cranial vault 
reshaping, whereas the management of patients with DP tends 
to be nonsurgical (David, 1992; David and Menard, 2000).
Each form of plagiocephaly can usually be distinguished 
through physical examination and radiology of the calvaria by 
an experienced clinician, although there have been recent “ep­
idemics” of misdiagnosed ULS (Turk et al., 1996; Cohen, 
2000).
Previous studies have quantified some o f the skeletal cra­
niofacial asymmetries that occur in plagiocephaly, such as or­
bital (Lo et al., 1996a), mandibular (Kane et al., 1996), and 
angular deviation of the anterior and posterior cranial base (Lo 
et al., 1996b). The present study has extended this work, using
TABLE X N u m b ers , A ge R ange, an d  A ffected S ide o f the  




Mean Median Minimum Maximum Left Right
DP 21 6.75 5.22 2.89 20.73 10 11
UCS 20 10.58 4.39 1.71 69.22 12 8
ULS 2 6.89 6.89 6.18 7.59 0 2
many more skeletal landmarks for determination of anthro­
pometric variables and applying a shape analysis procedure 
(Dryden and Mardia, 1998) known as generalized Procrustes 
and principal component analysis (GPA/PCA).
Milne and O ’Higgins (2002) have used GPA/PCA to inves­
tigate phylogenetic, functional, climatic, and scaling influences 
on the craniofacial morphology of macropods (kangaroos, wal­
laroos, and wallabies). Zollikofer and Ponce de Leon (2002) 
have used the approach to study patterns of craniofacial shape 
variation in Homo sapiens by using computed tomography 
(CT) scans o f modern and fossil skull specimens.
The aim o f this study was to apply GPA/PCA to quantify 
the extent o f skull deformity in deformational and synostotic 
plagiocephaly and to distinguish among their different phe­
notypes.
M e t h o d s
For this study, 21 patients with DP, 20 patients with UCS, 
and 2 patients with ULS (Table 1) were selected. One patient 
with UCS, at age 69.2 months, was substantially older than 
the rest, who were younger than 27 months. Because the mor- 
phometric analysis essentially removes size as a variable, it 
was decided to retain the data associated with this older child. 
For these patients, three-dimensional (3D) landmark positions 
of 78 osseous landmarks (Tables 2 and 3) were determined 
from CT scan data. Figure 2 shows the location of some of 
these landmarks.
The CT data were retrieved from the Australian Craniofacial 
Unit archives. Before 1993, a GE8800 CT scanner (General 
Electric Co., Fairfield, CT) was used with an acquisition pro­
tocol consisting mainly o f 3-mm thick slices at 1.5-mm spac­
ing through the face and o f 5-mm thick slices at 3-mm spacing 
above the glabella with pixel size 0.75. During the years 1994 
to 1999, patients were scanned with a GE-Advantage spiral 
CT scanner with 3-mm thick slices reconstructed every 1.5 
nan and pixel size 0.488. From the year 2000, a GE multislice 
CT scanner has been used with axial slices reconstructed from 
spiral acquisition with spacing of 0.6 mm, thickness of 1.25 
mm, and pixel size 0.488.
Landmark locations were determined from CT scan data by 
our own software, Persona (Netherway et al., 1995). The raw 
images were clipped and edited to remove unnecessary fea­
tures such as endotracheal tubes and head restraints. Several 
windows were displayed simultaneously containing axial slic­
es. reformats, and 3D CT reconstructions. A movable marker,
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T A B L E  2 D escrip tion  o f M id line  O sseous L a n d m a rk s
Landmark Abbreviation Definition
Anterior nasal spine ans The apex o f the anterior nasal spine
Basion ba The midsagittal point on the anterior 
margin o f the foramen magnum (at 
the saddle point)
Bregma br The intersection o f the sagittal and the 
coronal sutures on the surface of 
the cranial vault
Gnathion gn The most inferior point on the man­
dibular symphysis in the midsagittal 
plane
Infradentale id The most anterosuperior point on the 
mandibular alveolar margin in the 
midsagittal plane
Lambda 1 The intersection between the lambdoid 
and the sagittal sutures on the sur­
face o f the cranial vault
Nasale na The tip o f the nasal bone
Nasion n The most anterior point o f the fron­
tonasal suture ( i f  suture not clearly 
identified, then the deepest point on 
the nasal notch)
Opisthion 0 The midsagittal point on the posterior 
margin o f the foramen magnum (at 
the saddle point)
Posterior nasal spine pns The apex o f the posterior nasal spine
Prosthion pr The most anteroinferior point on the 
m axillary alveolar margin in the 
midsagittal plane
Sella s The center o f the sella turcica
visible in each window, showed the current position in 3D and 
facilitated navigation through the CT data volume. Wireframe 
models (Netherway et al., 1995), developed to display the de­
termined landmarks, aided visualization and comparisons.
Distances were calculated from the landmarks, and the 
asymmetry of selected bilateral distances was determined as a 
relative difference, expressed as a percentage:
relative difference =  100(ipsi — contra)/[(ipsi +  contra)/2]
where “ipsi” and “contra” refer to ipsilateral and contralateral 
measurements. The ipsilateral side was defined as the side of 
the craniosynostosis or, for DP, the side of the occipital flat­
tening. For some of the measurements, ipsilaterakcontralateral 
ratios were calculated to facilitate comparisons with previous 
studies. The Student’s t test was used to assess the significance 
o f differences of the mean asymmetry from zero for each an­
thropometric variable.
Five DP and five UCS scans were randomly selected for 
repeat measurement for a double-determination study to assess 
the variance of landmark relocation (Abbott et al., 1990; 
Richtsmeier et al., 1995).
Generalized Procrustes and principal component analyses 
were applied directly to the landmark coordinate data (Dryden 
and Mardia, 1998; Rohlf, 1999, 2000). This procedure in­
volved several steps. First, each patient’s landmark Configu­
ration was standardized by translation to its centroid and scaled 
to unit centroid size. That is, it was scaled so that the sum of 
the squared distances from the centroid to each landmark was 
unity. Then, after simultaneous least squares (Procrustes) reg-
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The most lateral point on the anterior nasal aper­
ture
The most inferolateral point on the articular emi­
nence o f the temporal bone 
The most superolateral point on the articular fossa 
o f the temporal bone 
The intersection between temporal, parietal, and 
occipital sutures on the surface o f the cranial 
vault
The most superior point on the root o f the zygo­
matic arch 
The most lateral point on the condylar head
The point at the intersection o f the anterior border 
o f the coronoid process w ith the alveolar margin 
The most superior point on the coronoid process 
The most lateral point on the alveolar ridge, opposite 
the center o f the maxillary first molar 
The most lateral point on the anterior surface o f the 
alveolar ridge, opposite the center o f the mandib­
ular second molar 
The most superior point on the margin o f the ex­
ternal auditory meatus (also known as porion)
The most lateral point on the margin o f the fora­
men magnum 
A  point on the angle o f the mandible located by the 
bisection o f the angle formed by the mandibular' 
line and the ramus line 
The center o f the greater palatine foramen
The deepest point o f the hamular notch located 
centrally between the m axillary tuberosity and 
the pterygoid process o f the sphenoid 
The tip o f the hamular process o f the medial pter­
ygoid plates o f the sphenoid 
The most anterior point on the margin o f the infe­
rior orbital fissure 
The point on the orbital rim  approximately mid­
way between the sutures lim iting the zygomatic 
bone
The most lateral point on the orbital rim 
The most inferior point on the mandibular notch
The most inferior point on the mastoid proces 
The most medial point on the orbital margin 
The most inferior point on the anterior opening o f 
the optic canal
The most inferior point on the infraorbital margin 
The most superior point on the lower border o f the 
zygomatic arch located anterior to the point ar­
ticular eminence 
The junction o f the coronal suture and the sphe­
noid bone
The intersection o f the temporal, parietal, and 
sphenoid bones 
The most lateral point on the margin o f the superi­
or orbital fissure 
The most superior point on the supraorbital margin 
The intersection o f the fronto-zygomatic suture 
w ith  the lateral orbital rim 
The posterior extremity o f the lateral part o f the 
fronto-zygomatic suture 
The lowest point on the external suture between 
zygomatic and maxillary bones 
The midpoint o f the bony concavity formed be­
tween the frontal temporal processes o f the zy­
gomatic bone
FIGURE 2 3D CT reconstructions indicating landm ark positions on (A) 
an oblique left view, (B) cranial base view, and (C) basal view. For some 
interior landmarks the projection of the landm ark onto the surface is 
shown to indicate their relative position (hn in the left view; n, sor, and 
ofai in the superior view). The landmarks are located at the bottom center 
of the labels.
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TABLE 4 R ela tive  D ifference in  P e rcen t Betw een Ip sila te ra l an d  C o n tra la te ra l M easu rem en ts  fo r  E ach  F o rm  o f P lagiocephaly
DP (n =  21) USC (n =  20) ULS (n =  2)
Variable Mean SE P Mean SE P Mean SE P
ans-hn -6 .0 0.48 .000* -5 .5 0.41 .000 -6 .7 1.75 .164
ans-or -5 .8 2.94 .061 3.1 2.01 .142 7.4 14.50 .700
ans-po -7 .4 0.86 .000 -10.3 0.80 .000 -12 .7 0.35 .018
cd-go 0.7 1.32 .609 -0 .8 0.78 .341 -1 .5 6.90 .864
cd-id -4 .0 0.36 .000 -4 .5 0.47 .000 -1 0 .0 3.85 .235
ct-cd -5 .9 1.11 .000 -4 .9 1.38 .002 -11.1 4.25 .234
ct-go 1.0 0.79 .207 -1 .0 0.54 .092 0.1 3.30 .981
ct-id -1 .5 0.53 .009 -4 .7 0.57 .000 -9 .3 6.00 .365
gn-cd -2 .3 0.32 .000 -3 .5 0.42 .000 -7 .3 3.70 .299
gn-ct 0.0 0.40 .962 -3 .6 0.40 .000 -5 .6 4.35 .423
gn-go -3 .2 0.65 .000 -2 .6 0.55 .000 -7 .0 3.05 .263
go-id -4 .5 0.69 .000 -2 .5 0.45 .000 -7 .7 3.10 .244
ilor-po -3 .1 0.64 .000 -16.8 0.86 .000 -1 7 .0 2.55 .095
ilor-slor -2 .2 2.80 .436 23.0 3.21 .000 6.9 6.55 .486
iobf-or 4.3 2.89 .088 -3 .0 2.72 .282 1.9 10.25 .886
mor-lor -0 .3 0.84 .745 -12 .7 1.10 .000 -1 .6 0.20 .079
n-ilor -3 .3 0.65 .000 -14.3 1.18 .000 -7 .0 2.80 .242
n-or -4 .1 2.06 .059 -10.3 1.43 .000 -0 .4 12.25 .982
n-po -6 .9 0.87 .000 -13 .2 0.90 .000 -1 3 .0 0.25 .012
n-slor -3 .8 0.75 .000 -11.3 1.18 .000 -5 .5 1.05 .121
ofai-mor 2.2 1.30 .107 -1 .1 2.23 .618 1.0 0.60 .344
ofal-or 5.8 0.77 .000 7.9 0.91 .000 10.9 2.75 .158
ofai-slor 11.0 0.98 .000 1.0 1.37 .457 12.2 3.00 .154
ofai-sor 6.2 0.87 .000 -5 .9 1.01 .000 -0 .5 0.15 .205
ofai-spc 5.1 1.42 .002 3.6 2.08 .103 0.5 0.55 .563
or-po -5 .5 0.96 .000 -15 .4 0.77 .000 -1 9 .2 4.50 .147
s-n-ba-of -3 .1 0.53 .000 -1 1 .7 ' 0.68 .000 -13 .7 1.45 .067
slor-hn 7.2 1.00 .000 4.0 0.92 .000 2.9 3.20 .531
slor-po -1 .9 0.78 .024 -21.8 0.92 .000 -14 .3 3.25 .143
sor-or -1 .1 1.19 .353 6.5 1.12 .000 0.9 7.50 .924
sor-or: mor-lor -0 .8 1.12 .480 19.1 1.55 .000 2.8 7.65 .780
spc-as -4 .8 0.78 .000 -12.5 0.99 .000 -21 .0 3.75 .113
zt-po -3 .3 1.04 .005 -1 5 .4 0.86 .000 -15 .5 2.20 .090
zt-zf -4 .0 2.93 .189 13.9 4.40 .005 -9 .5 9.40 .497
* p  =  .0 0 0  m e a n s  p  <  5  X 1 0 " 4 . 
t  A n g u la r  d i f f e r e n c e  in  a x ia l  p la n e .
istration o f the landmarks o f each subject, the mean landmark 
configuration was determined as the average o f the 3D posi­
tions of the registered homologous landmarks.
Principal component (PC) analysis was then carried out to 
express each patient’s landmark configuration in terms of a 
sum of scaled standardized PC vectors. The scale factors are 
known as the standardized PC scores and are in units o f stan­
dard deviations (SDs). Each component of a PC vector cor­
responds to a displacement at a landmark. The standardized 
PC vectors have magnitude equal to the square root o f their 
contribution to the total variance and are ordered in descending 
contribution to the total variance.
Visualization o f variations in shape represented by the PCs 
was achieved by warping (using thin plate spline functions) 
the mean shape along each PC (Rohlf and Bookstein, 2003). 
The visualization toolkit (Schroeder et al., 1996) was used to 
perform the GPA/PCA. The mean head shape was produced 
by taking the patient with the smallest full Procrustes distance 
from the mean and warping the skeletal surface so that the 
landmarks of that patient were registered exactly on the cor­
responding landmarks of the mean head shape. The full Pro­
crustes distance of each patient from the mean head shape was 
calculated as the root-mean-square residual after registration
by rotation and scaling of the patient’s landmarks onto the 
mean landmarks scaled to unit centroid size.
The statistics package “R” (http://cran.us.r-project.org; ac­
cessed June 2, 2005) was used for producing plots and for the 
descriptive statistics.
R e s u l t s
For each form of plagiocephaly (DP, UCS, and ULS) the 
mean, standard error (SE), and p value are given for 34 asym­
metry variables (relative difference between ipsilateral and 
contralateral measurements) in Table 4. Figures 3 through 5 
show selected asymmetry measures from Table 4 for each pa­
tient.
The SEs and p values for ULS were included as a guide 
because the small sample size precludes statistical conclusions 
regarding this group in isolation. Some comparisqns were 
made among the groups (Table 5) by assuming equal variances 
and pooling variances. But observations regarding the ULS 
data are made with the proviso that an atypical value in our 
sample of two cases would have a substantial impact on ex­
trapolation to ULS in general.

















FIGURE 3 Deflection of the central axis of the endocranial base (the 
angle between the lines sella-nasion and opisthion-basion projected onto 
the axial plane) for each patient. The ipsilateral deflection was more severe, 
on average, for both UCS and ULS than for DP.
Age (month)
FIGURE 4 Relative asymmetry of the orbital depth measured from optic 
foramen anterior inferior (ofai) to superior orbitale (sor) for each patient. 
The orbital depths (ofai-sor) were significantly larger ipsilaterally for DP, 
contralaterally for UCS, but symmetric for ULS.
Accuracy of Measurements
For the 78 osseous landmarks used in this study, the double- 
determination analysis found the pooled (root-mean-square) 
and median landmark relocation errors to be 0.92 mm and 0.74 
mm, with a range of 0.23 to 1.74 mm. Relocation errors were 
pooled over coordinate directions because sign tests indicated 
no significant differences, in spite o f the higher resolution 
within CT slices than between them. The median landmark 
relocation error was approximately 1.5 pixels.
Asymmetry Variables
Many of the variables shown for UCS and DP in Table 4 
are highly significant with probabilities o f chance occurrence 
below 5 X 10~4, indicating substantial measurable asymmetry 
throughout the craniofacial complex including the mandible. 
The cranial base angle (s-n-ba-o) showed mild twisting for DP 
and severe twisting for both UCS and ULS (Fig. 3). The orbital 
depths (ofai-sor) were significantly larger ipsilaterally for DP, 
contralaterally for UCS, but symmetric for ULS (Fig. 4). The 
orbits of patients with UCS were very distinctive with signif­
icant asymmetry o f the orbital indices (sor-or:mor-lor). For 
each condition there was substantial asymmetry of the maxilla, 
evident in the maxilla depths (ans-hn), and of the mandible, 
evident in the mandibular lengths (gn-cd), although these were 
not statistically significant for the patients with ULS. Signifi­
cant facial asymmetry was found in the facial depth distances 
(n-po) averaging -7 %  for DP, -1 3 %  for UCS, and -13%  for 
ULS (Table 4). The negative sign indicates smaller ipsilateral
Age (month)
FIGURE 5 Relative asymmetry of the inferior parietal length measured 
from asterion (as) to sphenion c (spc) for each patient. The mean asym­
metry of the inferior parietal length (spc-as) differed significantly among 
the DP, UCS, and ULS groups.
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TABLE 5 Comparison of asymmetry variables for UCS, ULS, and DP
DP (n =  21) USC (n =  20) ULS (n =  2)
Variable Mean SE P Mean SE P Mean SE P
ans-hn 0.5 0.64 .419 -0 .6 1.65 .719 -1 .1 1.40 .432
ans-or 8.9 3.60 .018 13.2 10.29 .212 4.3 7.32 .561
ans-po -2 .9 1.18 .018 -5 .3 2.86 .080 -2 .3 2.58 .375
cd-go -1 .4 1.55 .358 -2 .2 4.65 .643 -0 .7 2.99 .807
cd-id -0 .5 0.59 .386 -6 .0 1.48 .001 -5 .5 1.78 .006
ct-cd 1.1 1.76 .539 -5 .1 3.80 .194 -6 .2 4.56 .190
ct-go -2 .0 0.97 .046 -0 .9 2.72 .736 1.1 1.92 .586
ct-id -3 .2 0.78 .000* -7 .8 2.23 .002 -4 .6 2.33 .064
gn-cd -1 .2 0.53 .031 -5 .0 1.36 .001 -3 .8 1.62 .031
gn-ct -3 .6 0.57 .000 -5 .5 1.65 .003 -1 .9 1.65 .256
gn-go 0.7 0.86 .455 -3 .8 2.27 .114 -4 .4 1.93 .034
go-id 2.0 0.84 .022 -3 .2 2.40 .199 -5 .2 1.64 .005
ilor-po -1 3 .7 1.06 .000 -13 .9 2.18 .000 -0 .2 2.84 .956
ilor-slor 25.2 4.25 .000 9.1 9.39 .345 -1 6 .2 10.48 .139
iobf-or -7 .3 3.61 .050 -2 .4 8.24 .770 4.9 9.13 .600
mor-lor -1 2 .4 1.38 .000 -1 .3 2.77 .638 11.1 3.56 .005
n-ilor -1 1 .0 1.33 .000 -3 .7 2.25 .114 7.3 3.88 .074
n-or -6 .2 2.53 .020 3.8 7.38 .614 10.0 5.44 .082
n-po -6 .3 1.25 .000 -6 .0 2.88 .049 0.3 2.91 .924
n-slor -7 .5 1.38 .000 -1 .6 2.49 .517 5.9 3.82 .138
ofai-mor -3 .3 2.55 .200 -1 .2 4.31 .783 2.1 7.21 .771
ofai-or 2.1 1.18 .084 5.1 2.62 .067 3.0 3.00 .335
sfai-slor -1 0 .0 1.67 .000 1.2 3.30 .731 11.2 4.48 .022
sfai-sor -12 .1 1.32 .000 -6 .6 2.87 .031 5.4 3.25 .112
sfai-spc -1 .5 2.50 .555 -4 .6 4.71 .339 -3 .1 6.72 .648
or-po -9 .9 1.23 .000 -13.7 3.33 .000 -3 .8 2.69 .178
s-n-ba-of -8 .6 0.86 .000 -1 0 .6 1.78 .000 -2 .0 2.22 .387
slor-hn -3 .2 1.36 .024 -4 .3 3.39 .215 -1 .1 3.07 .715
slor-po -1 9 .9 1.21 .000 -12 .3 2.70 .000 7.5 3.08 .024
sor-or 7.6 1.63 .000 2.0 4.29 .641 -5 .6 4.01 .178
soronmor-lor 19.9 1.90 .000 3.6 4.10 .395 -2 3 .4 14.39 .119
spc-as -7 .7 1.25 .000 -1 6 .2 2.71 .000 -8 .5 3.31 .019
zt-po -12.1 1.36 .000 -12 .2 3.48 .002 -0 .1 2.82 .973
zt-zf 17.9 5.24 .001 -5 .5 9.92 .584 -2 3 .4 14.39 .119
* .000 means p <  5 X 10~4. 











FIGURE 6  Two variables from the GPA/PCA analysis were sufficient to 
distinguish the plagiocephaly phenotype and the affected side: left DP 
(DPL), right DP (DPR), left UCS (UCL), and right UCS (UCR).
size. For ULS, the asymmetry of the inferior parietal length 
(spc-as) was significantly more extreme than for both DP and 
UCS groups (Table 4 and Figure 5).
PC Analysis
Generalized Procrustes and principal component analyses 
were first applied to only the DP and UCS data, excluding the 
data of the two patients with ULS. Landmarks associated with 
the mandible were excluded from the GPA/PCA because of 
the varying position of the mandible as a result o f intubation. 
The scatter plot (Fig. 6) o f the first PC (PCI) score against the 
full Procrustes distance (the root-mean-square o f the residuals 
after least squares registration with the mean landmark config­
uration) illustrates the separation of the data by diagnosis and 
the ipsilateral side. The PCI score in the scatter plot is the 
contribution o f the first PC or mode to each individual patient’s 
head shape in units of the SD for that mode. The first 10 PCs 
explain 75% of the variation.
Figures 7 and 8 illustrate the effect o f the first two modes 
on the mean head shape by applying a variation of ± 2  SDs 
along these principal directions of shape change. The first two 
PCs appeared to represent UCS and posterior DP. The first
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FIGURE 7 The first principal mode of plagiocephalic shape change 
shown by warping the mean head shape - 2  SDs (left) and + 2  SDs (right) 
along the first principal direction. This mode was dominated by shape 
changes related to dystopia, twisting of the sagittal suture, and the frontal 
bone.
FIGURE 8  The second principal mode of plagiocephalic shape change 
shown by warping the mean head shape - 2  SDs (left) and +2 SDs (right) 
along the second principal direction. This mode was dominated by shape 
changes related to twisting of the cranium without twisting of the cranial 
base and sagittal suture.
mode (Fig. 7) gave severity in terms of degree of dystopia and 
twisting of the cranial base and sagittal suture, whereas the 
second mode (Fig. 8) gave severity in terms of mostly calvarial 
shape changes without twisting o f the sagittal suture. Often the 
first mode o f PC analysis is strongly correlated with size or 
age, but in this case, with the relatively small spread in age 
and large shape variation because o f the conditions, PC3 is the 
most correlated with age.
Although it is clear in Figure 8 that the head shape at + 2  
SDs of the second mode has the appearance of severe right 
posterior DP, the head shape at - 2  SDs has the appearance of 
a mild left posterior DP. This indicated that there was an asym­
metric bias regarding affected side and severity in the available 
patient data.
Inclusion o f the data for the two cases of right ULS in the 
PC analysis produced similar distinction of the conditions best 
illustrated through a scatter plot o f PC3 against PCI (Fig. 9). 
Examination o f Figure 9 shows that the extremes in PCI cor­
respond to UCL and UCR, whereas extremes in PC3 corre­
spond to UCR and ULR. Extremes of PC2 (not shown) con­
trast DPL with the other conditions. The first three modes 
model 47% o f the sample variation, whereas 11 modes are 
required to model 75% of the variation. The first two principal 
modes appeared very similar to those shown in Figures 7 and 
8, whereas the third mode showed flattening of the right oc­
ciput for positive scores corresponding to right lambdoid syn-
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FIGURE 9 Separation of the plagiocephaly phenotypes (DP, UC, and UL) 
and affected side (L or R) was evident in this two-dimensional scatter plot 
of the contribution of the first and third principal modes of shape variation 
to the head shape of each patient.
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FIGURE 10 The third principal mode of plagiocephalic shape change 
shown by warping the mean head shape - 2  SDs (left) and + 2  SDs (right) 
along the third principal direction. This mode displayed flattening of the 
right occiput for positive scores corresponding to right lambdoid synosto­
sis.
ostosis (Fig. 10). The two cases o f  right lambdoid synostosis 
have PC3 scores at approximately + 3  SDs.
D i s c u s s i o n
The distinct head shapes formed by nonsyndromic cranio- 
synostosis result from restricted growth at the fused suture and 
compensatory growth at the patent sutures, whereas positional 
molding forces explain the shape o f  DP (Huang et al., 1996; 
Cohen, 2000).
This investigation has quantified statistically significant 
asymmetry in a variety o f  craniofacial parameters o f  infants 
who had untreated plagiocephaly. The rarity o f  lambdoid syn­
ostosis meant that only two cases were available for compar­
ison. Although this was insufficient for statistical analysis, the 
two cases were included to find where their parameters fell 
within the range o f variation for DP and UCS. The two cases 
of lambdoid synostosis differed from other reported descrip­
tions of ULS by the position o f  the ipsi lateral ear (Menard and 
David, 1998). That is, there was anterior displacement o f the 
tpsilateral ear position rather than the generally observed pos­
terior displacement (Huang et al., 1996). This meant that our 
measurements yielded negative asymmetry for ans-po distanc­
es, indicating a smaller ipsilateral distance.
Previous measurements o f  the range o f  dysmorphology in 
plagiocephaly have been o f  the mandibular asymmetry (Kane
et al., 1996), the endocranial base angle (Lo et al., 1996b), and 
the orbits in UCS (Lo et al., 1996a). This study has extended 
the measurement o f the asymmetry and performed som e geo­
metric morphometries by GPA/PCA.
Mandibular measurements (e.g., gn-cd) were found to have 
significant asymmetry both for patients with UCS and for pa­
tients with DP, and similar asymmetry was evident in the ULS 
group. These results for the UCS group were consistent with 
those found by Kane et al. (1996), that is, body shortening on 
the affected side without significant involvem ent o f  the ramus. 
However, shortened ramal height (cd-go) was found in their 
DP group but not in DP group in this study. The ipsilateral 
body shortening suggested that the mandible is twisted in the 
ipsilateral direction. On average, significant diminution was 
found for DP and UCS for the ipsilateral distance between  
condylion and the coronoid process (ct-cd). This could poten­
tially be linked to distortion o f  the temporal aspect o f  the in­
timately linked zygom a. Supporting this was the finding o f  
ipsilateral diminution o f the zygom al length (zt-po).
When comparing the present results with those o f Kane et 
al. (1996), a few  m ethodological differences should be noted. 
For example, the distance from pogonion to condylion (the 
cephalometric landmark positioned at the most superior point 
o f the condylar head) was used in their study to assess asym­
metry o f the length o f  the mandible, whereas gnathion and 
condylion laterale were used in the present study. Neverthe­
less, the asymmetry measures in terms o f  relative bilateral dif­
ferences would be expected to be similar. For example, the 
asymmetry o f the mandibular length (gn-cd) for DP and UCS 
were - 2 .3  (p < .001) and - 3 .5  (p < .001) in this study and 
0.6 {p =  .32) and - 3 .5  (p <  .001) in their study after taking 
into account the sign differences between the two methodol­
ogies.
As in the study by Lo et al. (1996b), severe deviation o f the 
midlines o f the anterior and posterior cranial fossae in the axial 
plane for both UCS and ULS were found. For DP, a small but 
significant ipsilateral deflection o f  the central axis o f  the en­
docranial base was found (3° on average). This contrasts with 
Lo et al. (1996b), who found, for their D P study sample, “ the 
direction o f this deviation inconsistent with respect to occipital 
flattening.” There was no angular overlap between their DP 
group and synostosis groups (a 7° boundary was indicated), 
whereas for the current study groups there was overlap: the 
maximum- for DP was 9.2° and the minimum for UCS was 
6.9°. This simply indicated that there was a more severe case 
o f DP in the present sample. The finding o f significant mea­
surable ipsilateral twisting o f the central axis o f  the endocranial 
base for patients with DP was novel and added to the mea­
surable impact o f the transmitted asymmetric forces.
The orbital dysmorphology in UCS was one o f  the most 
characteristic features o f  the condition, displaying on average 
a 19% larger ipsilateral orbital index (sor-or:mor-lor), whereas 
both DP and ULS were found to have symmetric indices. Or­
bital roof measurements were found useful to describe the 
asymmetry o f the anterior cranial fossa: the distance between  
the optic foramen and superior orbitale was found to provide
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a contributing differentiating factor between DP and UCS, 
with a notable increase on average observed for DP and a 
similar decrease for UCS. Our two values for ULS were sym­
metric for this variable.
Comparison o f specific asymmetry variables has provided 
an appreciation of the impact of each condition on a variety 
of features, but there has been some loss o f information. For 
example, neither the ipsilateral inferior tilt of the foramen mag­
num nor the ipsilateral inferior positioning of the ear in ULS 
was represented by any of the asymmetry variables presented.
The geometric morphometries technique GPA/PCA has re­
tained all the information in our landmark data and has ex­
pressed it in a form that facilitates differentiation of groups 
and assignment o f severity. A  suitable measure of severity is 
the root-mean-square of the first few PC scores, excluding the 
PC corresponding to age and size. For example, this is the 
distance from each point plotted in Figure 9, corresponding to 
each patient in the study, to the origin (except that for the first 
3 PCs the 3D distance would be used).
The discrimination capability of PC analysis can be seen in 
Figure 9 where there is complete separation of the groups, 
whereas some overlap was present for each individual asym­
metry variable.
For both GPA/PCA analyses (with and without inclusion of 
the ULS data), the patient with head shape closest to the mean 
was the one shown in Figure 2. Although the skeletal surface 
data were warped to match the mean landmark configuration, 
some residual asymmetry was evident. The unequal numbers 
of left and right affected individuals and an asymmetric dis­
tribution o f severity would have contributed to this residual 
asymmetry.
As previously mentioned, the three types of plagiocephaly 
described here can usually be differentiated through physical 
examination and diagnostic imaging. The main contribution of 
this project was to show that the relatively new GPA/PCA 
procedures would be able to quantify severity in terms of 
asymmetry and shape differences and that it could differentiate 
the phenotypes o f plagiocephaly.
In the future, analysis o f asymmetry and GPA/PCA may 
help facilitate differentiation o f subtle phenotypic differences 
among closely related genotypes. In addition, there may be 
application to following these measures of craniofacial shape 
for quantifying alteration as a result o f surgical intervention.
More immediate work will include incorporation of data 
from more patients in the groups presented here, other con­
ditions, and skeletally normal children.
C o n c l u s i o n s
In addition to the cranial asymmetry evident in patients with 
plagiocephaly, significant asymmetries were found and quan­
tified in the cranial base and facial structures through the use 
of angular and distance measures between landmarks located 
in 3D. Although there was overlap o f measurements for a sin­
gle 3D cephalometric variable for at least two of the three 
forms o f plagiocephaly, the GPA/PCA approach was able to
distinguish among DP, UCS, and ULS. The impact o f unilateral 
craniosynostosis and deformational forces on craniofacial 
shape were visualized by warping a mean head shape along 
the first few principal directions of shape variability. For each 
patient, the first few  PC scores, excluding the PC correspond­
ing to age and size, could be used as indicators o f severity.
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A Three-Dimensional Computed Tomographic Ana lysis of the Cervical 
Spine in Unoperated Infants With Cleft Lip and Palate
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Objective: To investigate anatomical variations and abnormalities of cervical 
spine morphology in unoperated infants with cleft lip and palate.
Design: Retrospective cross-sectional investigation of infants born with non- 
syndromic cleft lip and palate using computed tomography scans acquired for 
investigation of a spectrum of clinical conditions.
Setting: Computed tomography scan data were obtained from 29 unoperated 
cleft lip and palate infants and 12 noncleft infants of Malay origin, ages 0 to 
12 months.
Methods: Observational study of cervical spine computed tomography 
scans. Heights of cervical vertebral bodies (C2-C7) and intervertebral spaces 
were measured from landmarks identified from computed tomography refor­
mats and three-dimensional computed tomography reconstructions. Linear 
modeling of heights and spaces, with age as a covariate, was undertaken to 
identify differences between the samples.
Results: Anomalous features observed in the cleft lip and palate sample in­
cluded short posterior arch of C1 (2/29), abnormal development of the anterior 
arch of C1 (2/29), and fusions of the posterior arch of C2 and C3 (2/29). No 
anomalies of the cervical spine were observed in the noncleft sample. Al­
though the heights of three cervical vertebral bodies were significantly smaller 
and two intervertebral spaces were significantly larger in infants with cleft lip 
and palate compared with noncleft Infants (p <  .05), overall length of the cer­
vical spine did not differ significantly between the samples.
Conclusion: There was evidence for subtle upper spinal anomalies in the 
infant cleft lip and palate population. Qur finding of reduced size of some cer­
vical vertebral bodies may reflect delayed upper spinal development in infants 
with cleft lip and palate.
KEY WORDS: cervical spine anomalies, cleft lip and palate, computed tomography
Cleft lip and palate (CLP) is the most common congenital 
craniofacial deformity in humans, affecting one in every 700
Dr. Rajion is Lecturer, School of Dental Sciences, Universiti Sains Malaysia, 
Kelantan, Malaysia. Dr. Townsend is Professor of Dental Science, Dental 
School, The University of Adelaide, Adelaide, Australia. Dr. Netherway is Prin­
cipal Research Scientist, Institute of Craniofacial Studies, Adelaide and Affiliate 
Senior Lecturer, Dental School, The University of Adelaide, Adelaide, Austra­
lia. Dr. Anderson is Craniofacial Surgeon, Australian Craniofacial Unit, Wom­
en’s and Children’s Hospital, Adelaide, Australia; Affiliate Senior Lecturer, 
Dental School, The University of Adelaide, Adelaide, Australia; and Senior 
Research Fellow, Child Health Research Institute, Adelaide, Australia. Dr. Yu­
sof is Lecturer, School of Dental Sciences, Universiti Sains Malaysia, Kelantan, 
Malaysia. Dr. Hughes is Senior Research Officer, Dental School, The Univer­
sity of Adelaide, Adelaide, Australia. Dr. Shuaib is Associate Professor and 
Consultant Radiologist, School of Medical Sciences, Universiti Sains Malaysia, 
Kelantan, Malaysia. Dr. Halim is Associate Professor and Consultant Plastic 
Surgeon, and Coordinator of Reconstructive Sciences Unit, School of Medical 
Sciences, Universiti Sains Malaysia, Kelantan, Malaysia. Dr. Samsudin is Pro­
to 1000 newborns worldwide (Murray, 1995, 2002). Previous 
studies have identified that infants with oral clefts often have 
other subtle, associated congenital defects (Shprintzen et al., 
1985; Leth-Jensen et al., 1988; Hagberg et ah, 1997; Stoll et
fessor, Dean and Consultant Oral-Maxillofacial Surgeon, School of Dental Sci­
ences, Universiti Sains Malaysia, Kelantan, Malaysia. Dr. David is Head, The 
Australian Craniofacial Unit, Women’s and Children’s Hospital, Adelaide, Aus­
tralia; and Clinical Professor of Cranio-Maxillo-Facial Surgery, The University 
of Adelaide, Adelaide, Australia.
This research was supported in part by the Australian Dental Research Foun­
dation Inc., Grant 5/2002, and the Universiti Sains Malaysia.
Some aspects of this paper were presented at the International Association 
of Dental Research, November 30, 2003, Melbourne, Australia.
Submitted February 2005; Accepted November 2005.
Address correspondence to: Dr. David J. Netherway, Australian Craniofacial 
Unit, Women’s and Children’s Hospital, 72 King William Road, North Adelai­
de, SA, Australia. E-mail david.netherway@adelaide.edu.au.
5 1 3
514 C left Palate-Craniofacial Journal, September 2006, Vol. 43 No. 5






CLP Girls 12 
Boys 17
29 115 76 14-340
NC Girls 3 
Boys 9
12 145 86 19-297
al., 2000), including cervical spine anomalies (Sandham, 1986; 
Horswell, 1991; Ugar and Semb, 2001). Furthermore, Osborne 
et al. (1971) reported associations between malformations of 
the cervical spine and velopharyngeal incompetency in CLP 
individuals.
Most previous studies o f cleft lip and palate have applied 
two-dimensional lateral cephalometric methods. However, this 
approach has significant limitations, such as superimposition 
of structures, difficulty in identifying landmarks, and poor vi­
sualization o f three-dimensional (3D) structures (Moyers and 
Bookstein, 1979; Helmi and Pruzansky, 1980; Cohen, 1984; 
Fisher et al., 1999). Furthermore, subjects in these studies have 
been older children and adults, and the investigations have 
been limited to specific ethnic groups. Researchers have rec­
ognized the potential advantages o f using 3D computed to­
mography (CT) to clarify whether CLP is associated with other 
craniofacial malformations or is expressed only as a localized 
anomaly (Maue-Dickson and Dickson, 1980; Mplsted et al., 
1995). However, we are not aware o f any previous CT studies 
of the cervical spine in CLP infants during their first year of 
life before any surgical intervention has occurred.
The aim o f this study was to use CT imaging to compare 
the heights o f individual cervical vertebral bodies, interverte- 
bral spaces, and overall length o f the cervical spine between 
four groups of infants with clefts: unilateral cleft lip and palate 
(UCLP); bilateral cleft lip and palate (BCLP); isolated cleft 
palate (ICP); and cleft lip and primary palate/alveolus (CL); 
and an unaffected, noncleft (NC) group. Furthermore, we 
aimed to describe anatomical variations and abnormalities o f 
cervical spine morphology in the CLP sample.
M e t h o d s
Patients
The study sample consisted of 29 unoperated nonsyndromic 
children o f Malay origin, ages 0 to 12 months, with CLP who 
had 3D CT examinations during the period January to Decem­
ber 2002. CT scans for 12 NC Malay patients o f the same age 
range were collected over the same period. These patients had 
presumed normal craniofacial morphology, but had indications 
for CT scanning for problems other than those recognized to 
cause abnormalities in craniofacial growth and morphology. 
Ethical approval was obtained from the Research and Ethics 
Committee, School o f Medical Sciences, Universiti Sains Ma­
laysia, for access to the data used in this study.
The distribution o f clefts was as follows: CL, n =  7; UCLP,
n =  10; BCLP, n =  4; ICP, n =  8; NC, n =  12. Cephalometric 
analyses have shown that individuals with CL (cleft o f the 
primary palate) differ in craniofacial morphology from other 
cleft types (Dahl, 1970), so a separate CL category was in­
cluded in this study. Age and sex distribution o f the CLP and 
NC groups are shown in Table 1. A few older children were 
included in the CLP group, because their primary operation 
had been postponed due to other health problems, such as up­
per respiratory tract infection and aspiration pneumonia.
CT Data Acquisition
Helical scans were obtained with a GE Lightspeed Plus CT 
Scanner System (GE Healthcare Technologies, Waukesha, WI) 
at the Department of Radiology, Hospital Universiti Sains Ma­
laysia. The tube voltage and current that were used were 120 
kV and 120 mA, respectively, but minor adjustments to these 
parameters were made according to the patient’s size. Axial 
slices o f 1.25 mm thickness with a spacing of 1.25 mm were 
written to CD for transfer to a workstation for measurement.
The PERSONA software package developed at the Austra­
lian Craniofacial Unit, Adelaide, Australia (Netherway et al., 
1999; Abbott et al., 2000), was used to create 3D CT recon­
structions and to determine the 3D coordinates o f osseous 
landmarks on a Silicon Graphics Octane workstation (SGI, 
Mountain View, CA).
Cervical Spine Anomalies
The CT reformats and 3D CT reconstructions were exam­
ined to identify cervical spine anomalies such as fusion of the 
posterior elements o f the cervical vertebrae and abnormal de­
velopment of C 1.
Measurement
o
Landmarks were positioned at the anterior superior medial 
surface and the anterior inferior medial surface o f each of the 
vertebral bodies (C2-C7). Vertebral body and intervertebral 
space heights were determined from these landmarks (Fig. 1).
FIGURE 1 Heights of vertebral bodies and thicknesses of intervertebral 
spaces were measured from C2 to C7.
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FIGURE 2 A nterior view of a 3D CT reconstruction of an infant with 
UCLP showing separation of the anterior tubercle of C l.
The total length o f the cervical spine was measured from the 
anterior inferior medial surface of C7 to the anterior superior 
medial surface o f C2.
Statistical Analysis
A linear model (PROC GLM, SAS/STAT User’s Guide, 
Version 8, SAS Institute Inc., Cary, NC) incorporating the 
fixed effects o f sex (male, female) and cleft group (NC, UCLP, 
BCLP, ICP, CL), and using age (14 to 340 days) as a covariate, 
was fitted to all cervical measurements: measurement ~  age 
+ sex +  group.
Higher-order interactions were not analyzed for this small 
data set. Linear contrasts were arranged to compare the control 
group (NC) with all other groups, and to compare the ICP 
group (a distinct cleft type) with other cleft groups.
Error Analysis
Repeat determinations were performed for all infants after 
a period of 1 month to assess the reproducibility o f landmark 
determination and variables derived from these landmarks. 
Student’s paired t tests were used to detect systematic errors 
(re., to ascertain whether the mean difference between re­
peated measures deviated significantly from zero) and the 
Dahlberg (1940) method o f double determination was used to 
quantify the magnitude o f random errors.
R e s u l t s
Cervical spine anomalies were found in three o f the infants 
with CLP (10%). None o f the NC group showed cervical spine 
anomalies.
Of the CLP infants with visible ossification of the anterior
FIGURE 3 Anterior view of a 3D CT reconstruction of an infant with 
ICP showing asymmetry of the anterior tubercle of C l (located to the right 
of the midline).
arch of C l, anomalies were observed for two CLP infants. 
Ossification of the anterior arch o f C l was visible in 12 o f 29 
(41%) o f infants with CLP and in 5 o f 12 (42%) o f infants in 
the NC sample. Ossification was detected if the voxel density 
was greater than 150 Hounsfield. The anomalies o f the anterior 
arch of C l for the CLP group comprised bifurcation of the 
anterior tubercle o f C l (Fig. 2) and an asymmetric position of 
the anterior tubercle with displacement to the right (Fig. 3).
The posterior arch of C l was underdeveloped for two CLP 
infants (e.g., Fig. 4). The 3D CT reconstruction in Figure 4 
also shows apparent fusion o f the posterior arches o f C2 and 
C3. If adjacent structures are separated by less than the CT 
slice thickness (1.25 mm in this study), they can appear fused. 
Although this image, and the one shown in Figure 5, appear 
to show the onset o f fusions o f the arches o f the upper spinal
FIGURE 4 Lateral view of a 3D CT reconstruction of an infant with 
UCLP showing underdeveloped posterior arch of C l.
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FIGURE 5 Lateral view of a 3D CT reconstruction of an infant with CL 
showing possible fusion of the posterior arches of C2 and C3.
vertebrae that have been observed in older children with CLP, 
they cannot be resolved definitively in infants using the reso­
lution of this study.
The paired t tests between repeat determinations of the ver­
tebral distances indicated no systematic errors. The random 
measurement error as given by the Dahlberg statistic derived 
from the repeated determinations, ranged from 0.2 mm for the 
height o f C2 to 0.5 mm for the intervertébral space between 
C6 and Cl. The mean measurement error was 0.4 mm, ap­
proximately the size o f one pixel within a CT slice. These 
findings indicated that measurement errors were small and un­
likely to bias the results.
The adjusted means and standard errors derived from the 
linear modeling analysis o f vertebral distance data in the four 
cleft groups and the NC group are shown in Table 2. The lower 
vertebrae were not always within the range of the CT scan, 
hence the reduced numbers indicated in the table for their mea­
surements. Differences in measurement method and sample 
size variation account for the discrepancies between the total 
length C2-C7 and the combined dimensions of vertebral bodies 
and intervertébral spaces.
The adjusted means in Table 2 take sex into account, al­
though no significant differences were found between mea­
surements taken from boys versus girls. The vertebral body 
heights o f C3, C4, and C7 in CLP infants were found to be 
significantly smaller than in the NC group (p < .05). In con­
trast, the intervertébral spaces between C4/C5 and C5/C6 in 
CLP infants were significantly greater compared with the NC 
group {p <  .05). The intervertébral spaces of C5/C6 in the 
ICP group were significant smaller, as compared with the other 
cleft groups (p <  .05). Even though the CLP groups displayed 
smaller individual vertebral heights, the average overall 
lengths o f their cervical spines were found not to differ sig­
nificantly from the NC group (Table 2).
D i s c u s s i o n
Many authors have noted relationships between facial mal­
formations and spinal anomalies (Sherk et al., 1982; Anderson 
et al., 1997) that are thought to result from the close spatial 
relationship between sclérotomie derivatives o f the cervical so­
mites and the branchial arches (Sherk et ah, 1982). Our find­
ings indicate that upper cervical spine anomalies in Malaysian 
children with CLP (10%) are similar to the findings o f other 
studies o f children with CLP: American (22%; Horswell, 










O O O O O O O O O O O '
’- ^ c s c s r ^ c o v q i o o N v q ^ c x j i n  
co co ■'3- C4 rf- c-i ■'d’ c4 ro
O O O O O O O O O O O
-t—l o o j Oh Ov q i n i / j ^ c o i GO  'si- C'i,3-c4''d: C'i ■■Bi-in
o o o o o o o o o o o o o o o o o o o o  VO
M o t h - o o i n i n o c o i o s t
O O O O O O O O O O O
«—< <—< —< c ? \ c o —; O  CS o)  ^  oo vo 
t o m r i c s c h c h ' t t o x f r n m o o
O O O O O O O O O O O
o c n t ^ p o o c o C T \ c S c n c N v q p
c n r n c n r n r n r n c n c n - ^ - r O ' ^ f - ' i n
O O O O O O O O O O x ^ t ^ f
  C O V O O O O ' . V O ' O O O O O O ' O O
' O O O O O O O O O O —!
e n  c ô  r t  c s  ^  c 4  c s  ^  c 4  * n  ■
n  cn n  cn
Oy Og s Ss Ss y ÊÜÎ U Ï U Ï U S ü ï U Ï Î  
,3> m  .5? „  .2? m  .2P ce .SP • -  c  




































































































Rajion et al., CE R V IC A L VERTEBRAE A N D  CLEFT LIP  A N D  P ALATE  517
Ugar and Semb, 2001). However, it must be stressed that the 
referenced study groups include different proportions o f cleft 
types, so comparisons o f frequencies o f occurrence should be 
undertaken with some caution. Furthermore, the present study 
was based on 3D CT scans of infants, whereas earlier studies 
were based on two-dimensional cephalometric radiographs of 
older children. Previous studies have reported frequencies of 
fusion in NC groups, ranging from 0.5% to 5% (Brown et ah, 
1964; Gray et al., 1964; Farman and Escobar, 1982; Ugar and 
Semb, 2001). Although we did not find any fusion anomalies 
in our NC group, this may be due to the small sample size or 
perhaps to differences between ethnic groups.
It has been reported that congenital fusion o f the cervical 
spine is due to the failure o f normal segmentation of cervical 
somites in utero (Hensinger, 1990). In addition, another study 
reported that deficiencies o f the disc-like material between the 
cartilaginous hemicentra might favor bony fusion (Muller et 
al., 1986). Congenital fusion of the cervical spine has been 
associated with clinical sequelae in Klippel-Feil syndrome, 
where cleft palate is also a frequently associated finding, to­
gether with short neck and low posterior hairline (Helmi and 
Pruzansky, 1980).
The anterior arch of C l and the upper cervical vertebrae 
appear to be important in achieving adequate velopharyngeal 
closure and speech, because the musculofascial layer that cov­
ers them and forms the posterior pharyngeal wall is only 2 to 
5 mm thick (Berkowitz, 1996). Indeed, epidemiological studies 
have shown that patients with craniofacial birth defects, many 
of whom suffer velopharyngeal incompetence, have a higher 
prevalence o f upper cervical spine anomalies than the general 
population have (Osborne et al., 1971).
The anomalies o f C l found in this current study suggest a 
predictive role for C l in the management of children with CLP, 
particularly in relation to speech. The emerging importance of 
the development o f C l as an early indicator of craniofacial 
growth in NC subjects also has been highlighted by previous 
studies (Huggare, 1989; Solow and Siersbaek-Nielsen, 1992).
It has been suggested previously that a lower age limit o f 6 
years should be set for the identification o f cervical anomalies, 
because malformations o f the upper cervical vertebrae cannot 
be assessed using conventional radiography until complete de­
velopment has occurred (Sandham, 1986). Indeed, Sandham 
(1986) and Ugar and Semb (2001) excluded CLP patients 
younger than 6 years o f age in their studies for this reason. 
However, the use of 3D CT technology enabled us to observe 
the presence o f ossification and anomalies o f the cervical spine 
in CLP at an earlier stage of childhood.
We found shortening o f individual cervical vertebral bodies 
in CLP infants, compared with an NC group. Intervertebral 
spaces tended to be larger in CLP infants than in NC infants, 
except for the ICP group, which was smaller than other af­
fected groups. These changes may relate to an altered ossifi­
cation pattern or skeletal development of the cervical spine in 
the cleft individuals. Indeed, the finding of short vertebral bod­
ies in the cervical spines o f infants with clefts is consistent 
with a general delay in growth in infancy in this condition that
has been reported by others (Bowers et al., 1987; Neiman and 
Savage, 1997; Spyropoulos and Burdi, 2001). Although our 
finding for overall cervical spine length differs from that o f 
Smahel and Skvarilova (1993), who found, using lateral head 
radiographs, shortening o f the overall length o f the cervical 
spine in UCLP and BCLP groups, the subjects in their study 
were adults who had been treated surgically.
C o n c l u s io n s
This study o f unoperated CLP infants younger than 1 year 
of age provided evidence for a range of upper spinal anoma­
lies, including smaller vertebral bodies, larger vertebral spaces, 
underdeveloped posterior arch of C l, and asymmetric position 
and bifurcation of the anterior tubercle o f C l. This is further 
evidence that there may be subtle cervical spine anomalies 
associated with CLP in infants.
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The Hyoid Bone in Malay Infants With Cleft Lip and Palate
Zainul A. Rajion, B.D.S., Grad.Dipl.Clin.Dent., Ph.D., Grant C. Townsend, B.D.S., B.Sc.Dent.(Hons), Ph.D., 
D.D.Sc., David J. Netherway, B.Sc.(Hons), Ph.D., Peter J. Anderson, M.B., Ch.B., B.D.S., M.D.(Edin), 
F.D.S.R.C.S.(Ed), F.R.C.S.(Eng), F.R.C.S.(Plast), F.R.A.C.S., Toby Hughes, B.Ag.Sc.(Hons), Ph.D., Ibrahim L. 
Shuiab, M.B.B.S., F.R.C.R.(Eng), Ahmad Sukari Halim, M.D., F.C.C.P.(Belgium), Abdul Rani Samsudin, B.D.S., 
F.D.S.R.C.P.S.(Glas), Neil R. McLean, M.D., F.R.C.S.(Glas), David J. David, A.C. M.B.B.S., F.R.C.S.(Ed), 
F.R.C.S.(Eng), F.R.A.C.S., M.D.(Adel)
Objective: To compare morphological and positional variations o f the hyoid  
bone in unoperated infants w ith cleft lip and palate (CL/P) w ith those in noncleft 
infants.
Design: Retrospective, cross sectional.
Patients and Methods: Three-dimensional computed tom ography scans were 
obtained from  29 unoperated CLIP infants o f Malay origin aged between 0 and 
12 m onths and from  12 noncleft infants in the same age range. Observations 
were made and measurements were obtained w ith a software package devel­
oped at the Austra lian Craniofacial Unit. The sizes o f the hyoid bones and the 
position o f the hyoid body and epig lottis in relation to the cervical spine were 
measured. Anatom ical anomalies o f the hyoid and prevalence o f aspiration  
pneum onia were also documented.
Results: The hyoid bones and epig lottis were found to be located more in­
te rio rly  in CL/P infants compared w ith the noncleft infants. Also, 17% (5/29) of 
the CL/P in fants had nonossified hyoid bodies.
Conclusion: The results suggest that there are differences in the location 
and genesis o f the hyoid bone in infants w ith CL/P that warrant further inves­
tigation.
KEY WORDS: aspiration pneumonia, cleft lip and palate, hyoid bone anomalies, 
three-dimensional computed tomography
The hyoid bone has no bony articulation. The floor o f the 
mouth and the tongue lie above it, the larynx below, and the
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epiglottis and pharynx posteriorly. Important muscles are at­
tached to the hyoid bone, with a range o f  functions including 
maintaining the airway, swallowing, and preventing regurgi­
tation. Problems with these vital functions may be associated 
with variations in position o f  the hyoid bone in relation to the 
craniofacial structures and head posture (Tallgren and Solow, 
1987; Athanasiou et al., 1991).
The morphology and position of hyoid bone in cleft lip and 
palate (CL/P) are not well described, presumably because of 
difficulties in visualization by conventional radiographic tech­
niques. We are aware o f only one previous study (Kaduk et 
al., 2003) that has compared the position of the hyoid bone in 
CL/P patients with the position in noncleft (NC) individuals.
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By lateral cephalometry, the authors found that the hyoid bone 
in their CL/P patients was located more caudally (inferiorly) 
and anteriorly than in NC subjects and hypothesized that this 
may be associated with the malformation. Their CL/P patients 
differ from those o f our study in that they were older children 
o f European descent with repaired clefts.
Alteration in the morphology and position o f the hyoid bone 
presents significant potential problems in terms o f breathing, 
swallowing, and head posturing because of alterations in the 
attachment and pull o f  the muscles responsible for these func­
tions. However, up until now, it has been unclear whether an­
atomical variations o f  the hyoid in CL/P infants have been 
associated with in utero disturbances or postnatal surgical cor­
rections. For these reasons, and also because o f the major ad­
vances in computed tomography (CT) imaging and computer 
technology, we have carried out the first detailed three-dimen­
sional (3D) CT study o f this important structure in unoperated 
CL/P infants compared with a group o f NC infants in the same 
age range.
Specifically the objectives were to (1) quantify anatomical 
variations o f  the hyoid bone; (2) compare the anatomical 
length and height o f  the hyoid bone between unoperated CL/ 
P and NC infants; (3) compare the position o f the hyoid bone 
and epiglottis in relation to the cervical vertebrae; and (4) re­
late the findings to clinical problems, such as aspiration pneu­
monia.
M e t h o d s
Patients
The patient sample consisted o f 29 unoperated CL/P infants 
of Malay origin aged between 0 and 12 months requiring 3D 
CT examinations during the period January to December 2002. 
A GE Lightspeed Plus scanner (GE Healthcare Technologies, 
Waukesha, WI) was used to image patients in a supine posi­
tion. From the helical scans, axial slices were reconstructed at 
1.25-mm spacing and 1.25-mm thickness for transfer to a 
workstation for measurement.
The CL/P patients were classified into subgroups: cleft lip 
or alveolus (CL), unilateral cleft lip and palate (UCLP), bilat­
eral cleft lip and palate (BCLP), and isolated cleft palate (ICP).
Computed tomography data for a relatively normal Malay 
cohort (n =  12) in the same age range were collected during 
the same time period and made available for this study by Dr. 
A. Yusof. These patients had presumed normal craniofacial 
morphology but had indications for CT scanning for problems 
other than those recognized to cause abnormalities in cranio­
facial growth and morphology.
Ethical approval was obtained from the Ethics and Research 
Com m ittee, U niversiti Sains M alaysia (USM /PPSG/Ethic 
Com./2001 [61.3(1)], August 30, 2001).
Measurement
The PERSONA software package (Australian Craniofacial 
Unit, Adelaide, South Australia) was used for 3D reconstruc-
FIGURE 1 A: Right view o f a 3D CT reconstruction o f the hyoid bone 
of a normal 4.7-month-old infant showing the body and left and right 
greater horns. Points used for distance measurements on the right greater 
horn are shown. B: A nterior close-up view showing points determined on 
the hyoid body.
tion of the images and to determine the 3D coordinates o f 
osseous landmarks (Abbott et al., 1990, 2000; Netherway et 
al., 1997, 1999) on a Silicon Graphics Computer workstation 
(SGI, Mountain View, CA). This package allowed the display 
o f the CT scan data around a 3D marker simultaneously in 
windows containing axial, sagittal, and coronal reformats and 
3D CT reconstructions o f the external craniofacial bones and 
the cranial base. The threshold used for placing landmarks on 
the bone surface was 150H.
Length and H eight o f  the Greater Horns o f  the 
Hyoid Bone
Figure 1 shows the three ossified regions o f  the normal hy­
oid bone in a 4.7-month-old infant. Lengths o f the greater 
horns were measured from the posterior tip to the anteroinfe­
rior tip, on the right and left sides, representing the inferior 
length of the hyoid bone. Similarly, the superior length o f the 
hyoid bone was measured from the greater horn’s posterior tip 
to the greater horn’s anterosuperior tip on the right and left.
FIGURE 2 M idsagittal CT reform at showing the position o f the body of 
the hyoid bone (opposite lower C2) and tip  o f the epiglottis (opposite upper 
C2) for a normal infant.
The anterior height (thickness) o f the greater horn was mea­
sured from the anteroinferior tip to the anterosuperior tip on . 
the right and left.
Height and Length o f  the Body o f  H yoid Bone
Landmarks used to determine the midline, the left and right 
heights, and the superior and inferior lengths o f the body of 
the hyoid bone are shown in Figure IB. These were the six 
points comprising the inferior and superior, left, right, and mid­
line points on the surface o f the body o f the hyoid.
Distances From the H yoid Bone to the Cranial Base
Distances were determined from the most inferior point o f 
the anterior aspect o f  the foramen magnum in the midsagittal 
plane (basion) and the m ost inferior point o f the spheno-oc- 
cipital synchondrosis on the sphenoid bone to the anterior- 
superior m edial surface o f the body o f  the hyoid bone.
Distances o f  the H yoid Bone to the Cervical Spine
A reference line was constructed ffom the most anterior- 
superior midpoint o f  C2 to the most anterior-inferior midpoint 
of C4. The distances from the superior and inferior aspects of 
the hyoid body to this reference line were then determined 
from the landmark positions.
Level o f  the H yoid Bone and Tip o f  the Epiglottis Relative 
to the Cervical Vertebrae
A perpendicular line was drawn from the most superior mid­
line point on the surface o f  the body o f the hyoid bone to a 
cervical reference line (constructed from C2 to C5, touching 
the most anterior point on the surface o f the bodies o f  C2 and 
C5 in the midsagittal plane) to determine the position o f the 
hyoid bone in relation to the cervical vertebrae.
TA B LE  1 Age and Sex Distribution of the CL/P and NC Groups
Group Sex (n) N Mean Age (d) SD Range
CL/P F 12 M 17 29 115 76 14-340
NC F 3 M 9 12 145 86 19-297
A similar line was also drawn from the tip o f the epiglottis 
to the cervical tangent line to determine the position o f the 
epiglottis in relation to the cervical vertebrae (Fig. 2).
Hyoid Bone Angle
The hyoid bone angle was measured between lines drawn 
from the most superomedial point on the surface o f the body 
of the hyoid to sella and then between sella and nasion.
S ta tis tica l A nalysis
A linear model (PROC GLM, SAS/STAT User’s Guide, 
Version 8, SAS Institute, Inc., Cary, NC) incorporating the 
fixed effects o f sex (male, female) and cleft group (NC, UCLP, 
BCLP, ICP, CL) and using age (14 to 340 days) as a covariate 
was fitted to each measurement. Higher-order interactions were 
not analyzed for this small data set. Linear contrasts were ar­
ranged to compare the control group (NC) with all other 
groups and to compare the ICP group (a distinct cleft type) 
with other cleft groups.
Fisher exact test was used to test for associations between 
anomalies o f the hyoid bones and occurrence o f CL/P.
Errors o f  the Method
Repeat determinations were performed for all infants after 
a period of 1 month to assess the reproducibility o f landmark 
determination and anthropometric variables derived from these 
landmarks. Systematic errors in landmark location were tested 
by Hotelling T statistic. For anthropometric variables, paired t 
tests were used to detect systematic errors (i.e., to ascertain 
whether the mean difference between repeated measures de­
viated significantly from zero), and the Dahlberg (1940) meth­
od of double determination was used to quantify the magnitude 
of random errors.
R e s u l t s
The age and sex distributions o f the CL/P and NC groups 
are shown in Table 1. The distribution o f CL/P patients was 
as follows: 7 CL, 10 UCLP, 4 BCLP, and 8 ICP. There were 
12 patients in the NC group.
The relocation errors for individual landmarks ranged from
0.3 mm for the anteroinferior tip o f the left greater horn to 0.5 
mm for the left inferior tip o f the hyoid body. The pooled 0 
landmark relocation error was 0.4 mm. Paired t tests between 
repeat determinations o f  anthropometric variables indicated 
that there were systematic errors (p <  .05) for hyoid to basion 
distance and for left lower length o f the greater hom, right
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TABLE 2 Adjusted Means and Standard Errors (SEs) of the Hyoid Bone Measurements
Measurementt
Groups
N C  (n = 12) UCLP (n = 10) BCLP (n = 4) CL (n =  V ICP (n = 8)
Mean SE Mean SE Mean SE Mean SE Mean SE
in f length It GH (mm)* 8.5 0.62 8.8 0.62 10.2 0.96 7.6 0.71 7.0 0.67
in f length rt GH (mm) 8.5 0.56 10.0 0.58 8.3 0.90 7.4 0.67 7.7 0.63
sup length It GH (mm)* 8.3 0.62 9.0 0.61 9.9 0.95 7.3 0.70 6.8 0.66
sup length rt GH (mm) 8.3 0.56 9.7 0.58 8.4 0.91 7.4 0.67 7.2 0.63
Height It GH (mm) 2.8 0.16 2.5 0.15 2.4 0.24 2.7 0.18 2.3 0.17
Height rt GH (mm) 2.7 0.16 2.5 0.16 2.2 0.25 2.7 0.18 2.5 0.18
HB height It (mm) 2.4 0.23 2.2 0.28 2.3 0.45 2.4 0.32 2.4 0.30
HB height rt (mm) 2.2 0.21 2.1 0.25 2.6 0.40 2.3 0.28 2.4 0.27
HB sup length It (mm) 4.4 0.27 3.9 0.32 4.3 0.52 5.0 0.36 4.1 0.35
HB sup length rt (mm) 4.4 0.24 3.6 0.29 3.8 0.46 4.7 0.32 4.2 0.31
HB in f length It (mm) 4.1 0.29 3.5 0.35 4.0 0.56 4.2 0.40 4.0 0.38
HB in f length rt (mm) 4.1 0.29 3.5 0.34 3.5 0.55 4.0 0.39 3.4 0.37
HB sup— cervical (mm) 22.1 0.63 20.8 0.72 21.1 1.16 21.3 0.81 19.2 0.77
HB inf—cervical (mm) 22.5 0.64 21.9 0.73 21.6 1.18 22.1 0.83 20.0 0.79
Hyoid—basion (mm)** 27.5 0.72 32.3 0.86 32.2 1.38 29.1 0.97 29.9 0.92
Hyoid— in f SOS (mm) 30.7 0.86 32.3 1.04 33.9 1.68 30.4 1.18 31.9 1.12
Hyoid angle (°)** 92.9 1.76 85.8 2.10 86.2 3.37 88.7 2.37 87.1 2.46
t  inf = inferior; It =  left; GH = greater horn; rt = right; sup = superior; HB = hyoid body; SOS = spheno-occipital synchondrosis. 
* Significant difference at p < 0.05 between ICP and the other cleft groups combined.
** Significant difference at p < 0.05 between all cleft groups and the NC group.
upper length o f the greater horn, and right height o f the hyoid 
body. However, the mean differences that were found to be 
statistically significant at the p  <  .05 level were all in the range 
from 0.1 mm to 0.2 mm, and the random errors, quantified by 
the Dahlberg statistic, ranged from 0.3 to 0.5 mm. Random 
errors for other hyoid bone variables ranged from 0.3 mm for 
height o f  the left greater horn to 0.7 mm for height o f the 
hyoid body on the left. The error for hyoid bone angle was
1.2°. These measurement errors are approximately one pixel 
in size (0.488 mm) and indicate that errors in the method were 
acceptable for this study and unlikely to bias the results.
Table 2 shows adjusted means and their standard errors for 
the study variables in the four cleft groups and the NC group. 
No significant differences between CL/P and NC groups were 
found for left and right lengths o f  the greater horn. However, 
the inferior and superior lengths o f the left greater horn were 
significantly smaller in the ICP group compared with other 
affected groups (p <  .05) (Figs. 3 and 4).
We examined the data for evidence o f a correlation between 
asymmetry o f the greater horns and the side o f the cleft in
FIG U R E 3 In ferior v iew  o f  a 3D  C T recon struction  o f  the hyoid bone in 
a norm al 4 .7 -m on th -o ld  infant.
FIG U R E  4 Inferior view  o f  a 3D  C T recon struction  o f  the hyoid bone in 
a 6 .8-m onth-oid  infant w ith IC P  illu stratin g  the sm aller  size o f  the hyoid  
bone v isible as three d istinct segm ents, that is, the central anterior body  
and the bilateral greater horns.
T A B L E  3  C h a r a c t e r is t ic s  o f  th e  H y o id  B o n e  a n d  E p ig lo tt is  in  
M a la y  I n f a n ts  w ith  C L /P *
Diag­







CL F 49 normal normal
CL F 61 normal normal
CL F 77 normal normal
CL M 79 absent normal
CL M 109 normal low
CL M 126 normal normal
CL M 325 low low
ICP F 14 low low
1CP F 82 low normal
ICP F 160 normal normal
ICP F 222 normal normal
ICP F 340 normal normal
ICP M 60 absent low
ICP M 61 low normal
ICP M 206 low low yes
UCLP F 53 normal normal
UCLP F 116 low low
UCLP F 149 low normal
UCLP M 69 normal low
UCLP M 81 absent normal yes
UCLP M 90 low low
UCLP M 92 low low
UCLP M 104 absent low
UCLP M 111 normal normal
UCLP M 141 normal normal
BCLP F 88 low normal
BCLP M 33 absent low yes
BCLP M 94 low low
BCLP M 155 normal normal yes
*N orm al hyo id  b o d y  h e ig h t w as tak en  to  be  level w ith  m id-C 3 and  above, w hereas norm al 
epiglottis heigh t w as tak en  to  b e  lev e l w ith  m id -C 2  an d  above.
those patients with UCLP. Although 7 o f 10 UCLP patients 
had smaller ipsilateral greater horns, a larger sample size 
would be required to establish whether there was indeed a 
tendency for smaller ipsilateral size.
The heights o f the left and right greater horns did not differ 
significantly between the CL/P and NC groups, and no signif­
icant differences in the overalL size o f  the body o f the hyoid 
were found between the groups (Table 2).
Although airway distances from the superior and inferior 
aspects o f the hyoid body to the cervical vertebrae for the CL/ 
P group were smaller than for the NC group, this was not 
significant (p =  .06). The position of the hyoid bone was sig­
nificantly lower in relation to the cranial base (basion) in the 
CL/P group (p =  .0008). This is consistent with the association 
tests for position relative to the cervical vertebrae.
The angle between the hyoid bone, sella, and nasion was 4 
to 7° smaller in the CL/P group compared with the NC group 
(P — .010). The predominant influence here would be small 
postural differences between the groups.
For each CL/P individual in the study, Table 3 shows the 
level o f the hyoid body and epiglottis tip relative to the cer­
vical vertebrae, absence o f ossification o f  the hyoid body, and 
whether the patient had aspiration pneumonia. The hyoid body 
height was considered normal if  the m ost superior point on 
the body was opposite mid-C3 or more superior. The epiglottis 
tip height was considered normal if  the tip was opposite mid-
T A B L E  4  A s s o c ia t io n  B e tw e e n  C L /P  a n d  th e  L e v e l  o f  th e  H y o id  
B o n e  ( p  =  0 .0 0 6 )
CUP NC Total
Mid-C3 and above 13 12 25
Below mid-C3 11 0 11
Total 24 12 36
C2 or more superior. All NC patients had normal hyoid body 
positions and no record o f aspiration pneumonia. Association 
analysis (Table 4) showed that the hyoid bone was significantly 
lower (Fisher exact test p  =  .006) in relation to the cervical 
vertebrae in the CL/P group (Fig. 5).
A similar association test for height o f  the tip o f the epi­
glottis revealed that the epiglottis was lower for the CL/P pa­
tients than for the NC cohort (Fisher exact test p =  .008). 
Furthermore, the low position o f the hyoid bone was associ­
ated (Fisher exact testp =  .033) with a low epiglottic position.
In the CL/P group, 17% (5/29) o f  the infants showed no 
ossification of body o f the hyoid bone (Fig. 6), whereas all the 
NC infants displayed ossification. For the patient shown in 
Figure 6, the maximum density in the region where the hyoid 
body would ossify was approximately 50H, well below the 
surface detection threshold o f  150H and substantially lower 
than the density o f the left and right horns at 315H.
The prevalence o f aspiration pneumonia within the study 
group was high, 14% (4/29), relative to the general population. 
Only one infant studied who had aspiration pneumonia was 
normal regarding both hyoid body and epiglottis position. Our 
small sample size precluded finding any significant association 
between aspiration pneumonia and missing hyoid body, height 
o f the epiglottis, or height o f  the hyoid (Table 3).
D i s c u s s i o n
To our knowledge, this is the first 3D CT study o f the size, 
morphology, and location o f  the hyoid bone in unoperated in-
FIG U R E 5 M idsagittal C T reform at show ing the low  level o f  the hyoid  
bone (at upper C4) and epiglottis (at low er C2) relative to the cervical 
vertebrae for a CL /P patient.
Rajion et al., THE HYOID BONE IN CLEFT LIP AND PALATE
FIGURE 6 In fe rio r view o f a 3D CT reconstruction showing the absence 
of ossification o f the body o f the hyoid bone in a 3.4-month-old infant with 
UCLP.
fants with CL/P. In the NC fetus, at 23 to 25 weeks in utero, 
the fetal hyoid and larynx are situated high relative to the 
cervical vertebrae, extending from the basiocciput to the level 
o f C3 or C4 (Lieberman et al., 2001). The larynx also tends 
to be higher in children than in adults, with the hyoid bone 
found at the level o f  C2 and C3 from birth to 2 years and at 
the level o f  C3 in older children (Hudgins et al., 1997; Lie- 
bermann et al., 2001). The latter findings were obtained by CT 
and magnetic resonance imaging and are consistent with those 
of an earlier study (Roche and Barkla, 1965) that used con­
ventional radiography.
In the CL/P group, we found that hyoid bone was signifi­
cantly inferiorly positioned (below mid-C3) compared with the 
NC group (level with or above mid-C3). One previous study 
(Kaduk et al., 2003) used lateral cephalometry to compare the 
position o f the hyoid bone in older children with repaired clefts 
with the position in NC individuals and found that the hyoid 
bone in CL/P patients was located more inferiorly and ante­
riorly than in NC subjects. Our results do not support a more 
anterior location o f the hyoid in infants with CL/P.
Although no differences in the lengths o f the left and right 
greater horns o f  the hyoid bone were found between CL/P and 
NC groups, the statistical analysis indicated that the length of 
the left greater horn was smaller in the ICP group compared 
with the other cleft groups (p =  .035 and p  =  .022 for the 
inferior and superior lengths). Although the inferior and su­
perior lengths o f  the greater horn on the right were smallest 
for the ICP group, they were not significantly so. A larger 
sample size would resolve whether the greater horns were in­
deed smaller for ICP than for other CL/P groups. We speculate 
that a difference m ay result from the different etiology o f ICP 
compared with the other CLP groups.
In 17% (5/29) o f  the CL/P infants, there was no evidence 
o f ossification o f the body o f  the hyoid bone (Fig. 6). All CL/ 
P groups were affected (two for UCLP and one each for BCLP, 
ICP, and CL). The hyoid body was visible for each patient in 
the NC group. This finding suggests a high prevalence of de­
layed ossification o f the hyoid body in CL/P patients compared 
with NC individuals. The normal age range for radiographi- 
cally visible ossification o f  the hyoid body is not known, 
though Wells et al. (1986) found that 75% o f autopsied control 
neonates (younger than 1 postnatal month) had a radiograph- 
ically visible hyoid body. The youngest patient in our series 
with nonvisible ossification o f the hyoid body was 33 days old 
(Table 3). The rest o f  the patients with a nonvisible hyoid body 
were substantially older (2 to 3 months) than the patients in 
the study of Wells et al. (1986). If  delayed ossification is as­
sociated with CL/P, this would provide further evidence that 
during embryological development the underlying factors as­
sociated with clefting not only affect the labiomaxillary and 
palatine structures o f the first arch, but also influence the de­
velopment o f structures derived from the second and third 
branchial arches. There is also the possibility that delay in 
ossification reflects poor health or nutrition, that is, a second­
ary rather than a primary effect o f the cleft.
The anomalies o f the hyoid bone noted in this study are 
consistent with an alteration in ossification pattern or skeletal 
development. We do not know whether these findings merely 
represent a developmental delay in hyoid bone development, 
so this hypothesis remains as the premise for further study of 
hyoid bone development in children with CL/P.
Anomalies o f the hyoid bone may contribute to abnormal 
swallowing and breathing patterns in some infants. Previous 
studies have shown that infants need to exert additional force 
to open a closed pharyngeal airway compared with that re­
quired to maintain its patency, presumably because of airway 
wall adhesion (Wilson et al., 1980, 1981). For CL/P infants 
with abnormal ossification or position o f  the hyoid bone, the 
functions o f swallowing and breathing may be compromised. 
Consequentially, an incomplete epiglottal seal could lead to 
laryngeal penetration by aspiration. This situation represents 
inefficiency in the proper coordination o f  swallowing and 
breathing and may predispose certain infants to the aspiration 
o f pharyngeal contents.
As could be expected, the low position o f the hyoid bone 
was associated with a lower epiglottis position (Fig. 5). Sasaki 
et al. (1977) reported on postnatal descent o f the epiglottis and 
concluded that the age interval from 4 to 6 months seems to 
represent a transitional period from obligatory nasal breathing 
to potential oral respiration. The age o f infants in the current 
study includes this time period. Moreover, our observations o f 
delayed ossification o f the hyoid and premature descent o f  the 
hyoid bone and epiglottis suggest that there may be an asso­
ciation with breathing disorders in CL/P infants.
It is possible that an association may exist between these 
hyoid anomalies and the problems that CL/P infants have with 
suckling, swallowing, and the propensity for chest infection. 
Bamford et al. (1992) showed that normal newborns have a
stable and uniform swallow rate within 48 hours o f birth, but 
their breathing is not coordinated with swallowing, with ven­
tilation being reduced during feeding. From that study, it ap­
pears that mild and transient oxygen desaturation (hypoventi­
lation) is well tolerated by newborns, but the same may not 
be true for older infants with an increasing metabolic demand, 
a decreased tolerance for hypoxia, and an increased respiratory 
drive. This study indicates that infants with CL/P have aspi­
ration pneumonia quite commonly (14%) in the newbom-to- 
6-months age range. This respiratory illness occurred in our 
sample in three o f  four patients with BCLP and one o f eight 
patients with ICP at around 4 months o f age. Although our 
CL/P group had a high prevalence o f  aspiration pneumonia, a 
direct association with hyoid position or body absence was not 
established by our study.
Azmi et al. (1983) found an association between the occur­
rence o f CL/P, esophageal atresia, and tracheo-esophageal fis­
tula. They suggested that this association could cause clinical 
problems, such as difficulties in swallowing and recurrent 
chest infections. In addition, they recommended that the pos­
sible presence o f second and further hidden anomalies should 
be fully investigated in a newborn with obvious craniofacial 
malformations, and that delays in diagnosis should be mini­
mized. In our study, there was clinical suspicion that two of 
the infants may have had tracheo-esophageal fistulae, requiring 
investigation with CT.
The findings o f  this study have opened several avenues o f 
future research. The application o f geometric morphometric 
analyses to the landmark data would enable a more detailed 
assessment o f whether the hyoid is altered in shape in CL/P 
infants. A more extensive study based on larger numbers also 
seems justified to determine the prevalence o f aspiration pneu­
monia and tracheo-esophageal fistula in CL/P infants. More 
reliable records o f the incidence o f  aspiration pneumonia 
would be desirable so that the suggestion o f a relationship 
between anatomical variations o f the hyoid bone and function­
al problems relating to breathing and swallowing could be con­
firmed. Finally, because this study was conducted with Malays, 
future studies are required to ascertain whether similar varia­
tions in location and morphology o f the hyoid bone in CL/P 
also occur in other ethnic groups.
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Abstract
B ackground:  The application  o f  three-d im en sional com puted  tom ography (3D  CT) to analyse  
cran iofacia l m orp hology  in individuals w ith  cleft lip and palate (CLP) enables d etailed  assessm en ts  
to  b e m ade o f  asym m etry in  the region  o f  the cleft and in  reg ion s d istant from  the cleft. The aim  o f  
th is  stud y w as to  com pare craniofacial m orphology in  a sam ple o f  M alaysian infants w ith  unoperated  
CLP w ith  a con tro l sam ple o f  unaffected  M alaysian infants.
M ethods: The study sam ple com prised  29 individuals: 10 w ith  unilateral CLP (UCLP), 5 w ith  
b ilatera l CLP (BCLP), 7 w ith  cleft lip and prim ary palate (CLPP), and 7 w ith  iso la ted  cleft palate  
(ICP). The con tro l sam ple con sisted  o f  12 n on-cleft (NC) in fan ts. All subjects w ere b etw een  0 .4  and  
12.2 m o n th s o f  age. N ine m id-facial and 4  nasal bone landm arks w ere located  on  3D CT scans and  
com p ared  to a m id lin e reference plane, w hich w as created  u sin g  the landm arks basion , sella , and  
n a sio n . U np aired  t tests  and F  tests w ere u sed  to com pare m ean s and variances b etw een  sam ple  
grou p s, w h ereas paired  t tests  w ere u sed  for com parisons w ith in  th e UCLP and NC groups.
R esu lts:  D ifferences in  variances o f  som e m id-facial breadths and n asal b one d im en sion s  
w ere fou n d  in  b oth  m ale and fem ale cleft groups w hen  com pared to the NC sam ple. In th e UCLP 
group, so m e n asa l b on e and facial breadth d im ensions w ere larger than  in  the NC sam ple and the  
n asa l b on e ten d ed  to deviate to  the contralateral side o f  the cleft.
C onclusion:: CLP affects the s ize and orientation  o f  the nasal b ones and is assoc ia ted  w ith  an  
a ltered  m orp h ology  o f  som e facial b ones at p osition s d istant from  the reg ion  o f  the cleft.
K e y w o r d s :  cleft lip, cleft palate, facia l asym m etry, infant, radiology, three-dimensional imaging, tom ography
Patients with orofacial clefts present with a 
variety of problems including dental anomalies, 
malocclusions, disorders of speech and hearing, 
and secondary facial deformities (1,2). Non- 
syndromic cleft lip, with or without cleft palate, is 
relatively common. It demonstrates a prevalence 
that ranges from 0.04 to 0.79 per 1000 live 
births (3 ) and 1 in every 500 to 550 live births, 
with the highest rates observed among the Asians
(4). Although functional or iatrogenic factors 
are generally thought to affect normal facial 
morphology and growth potential (5 ,6), it is 
understood that there is an underlying genetic 
basis for the formation of clefts (7). Specifically, 
the M SXi gene has been associated with cleft
Introduction palate, and the MSXl and TGFf'j genes have been associated with cleft lip, with or without cleft 
palate (7 ,8). Conversely, other researchers have 
found little evidence supporting these findings 
(9). Changes in facial growth and development 
in cleft children likely reflect the combined effect 
of genes and the environment; that is, clefts 
result from multifactorial influences that affect 
the growth potential of the face and the overall 
symmetry of the soft tissues and facial bones
(5). Regardless of the pathogenesis or genetics, 
anomalous developmental conditions, such as 
cleft lip and palate (CLP), are often associated 
with increased levels of asymmetry, which have 
been described as fluctuating or directional 
asymmetry (10). Fluctuating asymmetry refers to 
small, random differences in size between sides
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of th e  bod y, for exam p le  th e  face, and is thought 
to reflect d evelop m en ta l instability , w hereas 
directional asym m etry  in vo lves a con sisten t trend  
in  w h ich  o n e  s id e  is  larger or sm aller than the  
other an d  m ay b e  in flu en ced  by  h om eob ox genes  
(10- 12). T he a sse ssm en t o f  facial asym m etry is  an  
im portant co m p o n en t o f  evaluating th e  su ccess o f  
surgical repair in  CLP and  is lin ked  to psychological 
issu es su ch  as p ercep tion s o f attractiveness  
and in te llig en ce  (13). T herefore, th e  present 
study in clu d ed  an a ssessm en t o f  asym m etry by  
com paring landm ark  m easu rem en ts from  th e left 
and righ t s id es  o f  th e  face.
M eth odologica lly , cephalom etric and  
panoram ic rad iographs have traditionally  served  
as th e  prim ary op tion  for th e  radiographic analysis  
o f craniofacial m orp hology . H ow ever, th ere are 
lim ita tion s in  th e  m easu rem en t o f asymmetry' 
using tw o -d im en sio n a l (2D ) radiographs, such  
as th e  su p er-im p o sitio n  o f structures and the  
reliance on  m ach in e p ositio n in g  relative to  the  
external au ditory m eati, w h ich  can b e asym m etric  
w ith in  in d iv id u a ls ( 14). H ence, th ree d im ensional 
(3D) im agin g  tech n iq u es have b een  developed  to  
overcom e th e  sh ortcom in gs o f  conventional 2D 
m ethod s an d  w ere ap p lied  in  th e  presen t study; 
specifically , 3D com p u ted  tom ography (CT) was 
used. O ther availab le 3D im agin g  techniques  
include m orp h oan alysis , laser scanning, 
stereolithography, 3D ultrasonography, 3D 
facial m orp hom etry , digigraph im aging, M oiré 
topography, and  con tou r photography (1). Data 
obtained  w ith  3D CT scan n in g  can b e used  for 
soft and  hard tissu es  analysis, w hereas m ethods 
b ased  on  laser  tech n iq u es are u sed  m ainly for the  
analysis o f  so ft t is su e  surfaces. C onsequently, 3D 
CT scan n in g  w as d eem ed  m ost su itab le for data 
collection  in  ou r study.
T he overall a im  o f  th is  study w as to  com pare  
the cran iofacial m orp h olog ies in  a sam ple of 
unoperated  M alaysian  in fan ts w ith  CLP w ith  
those in  a sam p le  o f  age-m atch ed , unaffected, 
non-cleft (N C) M alaysian  in fan ts. D ifferences in 
m orp h olog ies o f  th e  n asa l b o n es w ere em phasised . 
A m id lin e  p lan e  con stru cted  from  th e  landm arks 
b asion  (ba), se lla  (s), and  n asion  (n) w as used  
to  a ssess  asym m etry  in  th e  se lected  craniofacial 
variables in  b o th  th e  CLP and  th e  NC groups.
Materials and Methods
T he M alaysian  p a tien t database estab lished  
at th e  A ustralian  C raniofacial U n it (ACFU), 
A delaide W o m en ’s and  C hildren’s H ospital, 
provided th e  3D CT scan s o f  th e  subjects. The
M alaysian cleft sam p le com prised  29 random ly  
selected  ind ividuals (12 fem ales, 17 m ales); 10 
w ith  unilateral CLP (UCLP), 5 w ith  b ilateral 
CLP (BCLP), 7 w ith  cleft lip  and  prim ary palate  
(CLPP), and 7 w ith  iso lated  cleft palate (ICP). The 
control (NC) sam p le con sisted  o f  12 M alaysian  
in fants (4 fem ales, 8 m ales) w ith  no craniofacial 
abnorm alities. Ideally, CT scans ob ta ined  from  
norm al individuals w ould  provide th e  ideal control 
group; how ever, th e  radiation d ose  involved  
in  acquiring CT scans o f healthy ind ividuals  
cannot b e justified . T here shou ld  b e sufficient 
m edical and d iagnostic  reasons for perform ing  
a CT investigation . H ence, th e  NC subjects in  
th e  presen t study w ere p atien ts w ith  m edical 
conditions that w ere sufficiently sign ificant to  
justify  the perform ance o f  CT scan s (for exam ple, 
m eningitis and m ild  hydrocephalus). H ow ever, 
th ese  cond itions d id  n ot cause abnorm alities 
in  craniofacial grow th and m orphology (15), as 
confirm ed by  prelim inary com parisons o f  the  
cranial b ase and facial d im en sion s o f  ind ividuals 
w ith  m ild  hydrocephalus and o f other controls, 
w hich  revealed estim ates w ith in  th e  norm al 
m easurem ent range. All ind ividuals included  
in  th e  study w ere o f M alay ethn icity . T he age o f 
the cleft patien ts ranged 1.1- 12.2 m on th s w ith  
a m ean o f  3.8 (SD 2.5) m on th s, w hereas th e  age 
for th e  NC group ranged 0.4- 11.9 m on th s w ith  
a m ean o f  4.8 (SD  2.8) m onths. E thical approval 
w as obtained  from  th e A delaide W om en ’s and  
Children’s H ospital R esearch E thics C om m ittee.
The Persona softw are package develop ed  
at the ACFU w as u tilised  for 3D reconstruction  
o f th e  craniofacial im ages and determ ination  
o f th e  3D coordinates o f  osseou s landm arks on  
a silicon  graphics com puter w orkstation . This 
package enables th e  d isp lay o f th e  CT scan  data 
sim ultaneously  around a 3D m arker in  w in dow s  
show ing axial, sagittal, and coronal section s, 
and it provides an accurate 3D reconstruction  of 
the external craniofacial b on es and th e  cranial 
base. The Persona softw are package enables  
the 3D p osition s o f  landm arks to  b e  located  
w ith  h igh  p recision , w h ich  allow s th e  autom atic  
generation  o f  s lices through selected  points. 
The th ickness o f  th e  scan data slices can vary 
1.25- 2.00 m m . Prelim inary analyses u sin g  68 
landm ark com parisons (61 d istances, 7 angles) 
ind icated  th e  presence o f  random  m easu rem en t 
errors ranging 0.2- 1.1 m m  for d istan ces b etw een  
landm arks, w hereas th e  random  errors for angular 
variables ranged i . o ° - 2.7° (15)- In general, the  
m easurem ent errors w ere considered  relatively  
sm all and unlikely to  b ias th e  resu lts.
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In the present study, 13 osseous landmarks 
were located on the mid-facial region of subjects 
due to their close proximity to the clefts (Table 
1, Figure l) (16,17). A midline reference plane 
was created using the following landmarks: ba, 
s, and n (Figure 2). Breadth variables were then 
estimated by measuring the distances from mid­
face osseous landmarks to the midline reference 
plane, whereas nasal bone dimensions were 
estimated by measuring the distances and angles 
between nasal osseous landmarks (Figure 3).
The influence of gender was investigated by 
comparing variables between male and female 
subjects in both cleft and NC samples. To explore 
the presence of any association between the 
side of the cleft and the direction of nasal bone 
deviations, the UCLP and NC samples were 
compared as follows: bilateral variables that 
coincided with the location of the cleft were 
measured, and asymmetry was assessed by 
subtracting the ipsilateral from the contralateral 
measurements.
The data were screened and subsequently 
corrected for outliers when necessary. Double 
determinations were performed to assess the 
magnitude of any systematic or random errors, 
and Dahlberg statistics were calculated for each 
variable (18).
Although the 2 groups were as closely 
matched for age as possible, the age range in the 
cleft group was slightly greater than that in the NC 
group. Additional age adjustments were applied 
to the data following the regression analyses of 
each variable against age in both the cleft and NC 
samples. Hence, all of the presented data are age- 
adjusted.
Comparison of the mean values and variances 
between male and female cleft and NC groups 
were performed using unpaired t tests and F tests 
with a significance level of P < 0.05. Comparisons 
between measurements on right and left sides of 
the face within the UCLP group and within the NC 
sample were conducted using paired t tests. The R 
(R Foundation for Statistical Computing, Vienna, 
AT) and Excel (Microsoft Corporation, Redmond, 
WA, US) statistical programmes were used to 
analyse the collected data.
Results
Male cleft and NC samples
Table 2 shows selected landmark distances 
which revealed the greatest differences in mean 
values between male cleft and NC samples. Cleft 
males exhibited greater distances from mid-face
landmarks (snml, orl, gol, ztl, ztr, and ofl) to the 
midline reference plane (na-s-ba) and greater 
breadth distances (ofl-ofr, gol-gor, and ztl-ztr) 
than did NC males but none of these differences in 
mean values was significant statistically. However, 
5 of the variables (gol, ztl, ztr, gol-gor, and ztl- 
ztr) displayed significantly unequal variances (P <
0.05), with variances in NC males exceeding those 
in cleft males.
Female cleft and NC samples
Table 3 presents selected landmark distances 
and angles which showed the greatest differences 
in mean values between female cleft and NC 
samples. All variables were larger in the female 
cleft group than the NC group, including the 
distances from mid-face landmarks to the midline 
plane (inmr, eul, gor, mal, pol, and ztr) and the 
mid-facial breadths (mal-mar). Dimensions of 
the nasal bone that showed the largest differences 
between the female cleft group compared with 
the NC group were n a -n  and inmr. Angulations 
depicted by the variables snm l-n-snm r and 
inm l-na-inm r were also larger in the female 
cleft group compared with the NC group. None of 
these differences in mean values was significant 
statistically, although the difference in mean 
values for inmr to the midline plane and snml- 
n-snmr both reached borderline significance 
(P = 0 .05). Five of the variables (eul, mal, ztr, 
m al-mar, and n -n a  plane) showed significant 
heterogeneity in their variances (P < 0.05 each), 
with variances in NC females exceeding those in 
cleft females for all variables except n-na plane. . 
The nasal bone in the female cleft group showed 
a significant deviation to the right compared with 
the NC sample (P < 0 .05) and this angle also 
showed significantly greater variability in the cleft 
group compared with the NC group (P < 0 .05).
UCLP and NC samples
Comparison of the UCLP and NC samples 
(prior to consideration of the cleft location) 
revealed several statistically significant differences 
in mean landmark distances, as reported in Table 
4. All nasal bone dimensions were larger in the 
UCLP group than the NC group, with significant 
differences in dimensions na-n , snm r-n, and 
snm l-snm r (P < 0.05 each). Facial breadth 
distances were also larger in the UCLP group 
than the NC group, with significant differences in 
dimensions orl-orr and ztl-ztr (P < 0.05 each).
Table 5 presents the bilateral variables that 
were associated with significant differences
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F ig u r e  l :  (A ) F rontal and  (B) right lateral v iew s o f  a skull depicting osseou s landm arks described  in  
T able l  (exclud ing  sella  and basion)
T a b le  l :  D escrip tion  o f th e  13 o sseou s landm arks identified  on th ree-d im en sion a l com puted  
tom ograp h y  scans (16,17)
|  Landmark Abbreviation Definition
N asale na Tip o f  th e  nasal bone
Superior n aso -m ax illare  1/r sn m l/sn m r M ost superior p o in t on th e  naso-m axillary  
suture
Inferior n aso-m axillare  1/r in m l/in m r M ost inferior p o in t on th e  naso-m axillary  
suture
N asion n M ost anterior p oin t on th e  fronto-n asa l suture  
(w hen th e  suture w as n o t clearly identifiable, 
the deep est p o in t on the nasal notch  w as  
substituted)
Sella s Centre o f  the sella turcica
Basion ba M id-sagittal point on the anterior margin 
o f the foramen magnum (at the saddle 
point)
G onion 1/r go l/gor Point on the angle o f the m andible located  
by b isection  o f th e  angle form ed by  the  
m andibular lin e  and th e  ram us line
Orbitale 1/r orl/orr M ost inferior p o in t on th e  infraorbital m argin
Z ygo-tem porale 1/r ztl/ztr M id-point o f the bon y concavity form ed  
betw een  th e  frontal and tem poral processes o f  
the zygom atic bone
Optic foram en  1/r ofl/o fr Centre o f the anterior op en ing  o f  th e  optic  
canal
Porion 1/r p o l/p or M ost superior point on  th e  m argin o f th e  
external auditory m eatus
M astoidale 1/ r m al/m ar M ost inferior po in t on th e  m asto id  process
Euryon 1/r eu l/eu r M ost lateral p o in t on the skull
Letters 1 and  r deno te  left and  right, respectively.
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F ig u r e  2 : C om puted  tom ography im ages o f the reference p lane constructed  from  3 o sseo u s landm arks: 
n asion  (n ), sella  (s), and basion  (ba). (A) Sagittal v iew  o f  “w ire fram e” constructed  m id line  
reference p lane. (B) Frontal v iew  o f reference p lane b isectin g  a BCLP patient.
b e tw een  right and  left s id es o f  th e  face w hen  
th e  loca tion  o f  th e  cleft w as considered . To 
determ in e c le ft-s id e  (ipsilateral) to  non-cleft- 
sid e  (contra latera l) d im en sion a l differences, 
m easu rem en ts for th e  ipsilateral side o f  th e  cleft 
w ere su b tracted  from  th ose  obtained  for the  
contralateral s id e  o f  th e  cleft. The results show ed  
th at th e  d ista n ces from  th e ipsilateral zt and the  
contralateral zt to  th e  m id line reference plane  
w ere sign ifican tly  d ifferent (P  < 0.05), w ith  a 
larger d istan ce  m easu red  on th e  contralateral side  
o f th e  cleft. A dditionally , a sign ificant degree of  
d ev ia tion  (P  < 0 .001) w as observed for th e  nasal 
b on e  variab le n a -n ,  w h ich  deviated  aw ay from  
th e  c left sid e . In th e  NC sam ple, no significant 
differen ces w ere d etected  betw een  the left and  
right s id es  o f  th e  face.
Discussion
D esp ite  severa l grow th th eories (19), our 
un d erstan d in g  o f  th e  cellular and m olecular  
contro l m ech a n ism s involved  in hum an  
cran iofacial d eve lop m en t rem ains incom plete. 
It is  b e liev ed  th at during th e  course o f  norm al 
cran iofacial d evelop m en t, th e  h istogen esis and  
fu n ction a l m aturity  o f  m uscles, nerves, and  
v e sse ls  m a y  in flu en ce on e an other (19). Abnorm al 
cran iofacial d evelop m en t, such  as clefting, is also  
likely  to  in flu en ce th e  grow th and developm ent
F ig u r e  3: Frontal v iew  o f  th ree-d im en sion a l
com puted  tom ography im age o f  nasal 
bone “w ire fram e”.
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SEM SD P value
Distance from  landmark 
to m idline plane, n a -s -b a  
(mm)
Snm l (n asa l b o n e) -3 -6 4 0-33 0-93 -4 -5 2 0.28 1.15 N S
Orl - 16.81 0.64 1.81 - 18.01 0-37 1-53 NS
G o l - 26.59 1-37 3-87 - 28.52 0.56 2.31 0.04*
Ztl - 37-15 1.72 4.86 - 39-32 0 .6 3 2.60 0.02*
Ztr 37-44 1.77 5-Oi 39-47 0.64 2.64 0.02*
Oil - 7-90 0.42 1-19 - 8.77 0.23 0-95 N S
Breadth distance (mm )
O fl-o fr 16.05 0.72 2.04 17.24 0.43 1.77 N S
G o l-g o r 53-05 2.51 7.10 56-58 0.97 4.00 0.03*
Z tl-z tr 74.64 3-49 9.87 78 .94 1.24 5-H 0.01*
Positive m ean  values indicate the  right side of the  skull, while negative m ean values indicate the left side o f the  skull. *P < 0 . 0 5  
indicates significant difference and  NS indicates non-significant difference (P > 0.05)  in variances betw een NC and cleft groups 
by F  test.
Abbreviations: gol = gonion left, gor = gonion right, oil = optic foram en left, ofr = optic foram en right, orl = orbitale left, snm l 
= superio r naso-m axillare left, ztl = zygo-tem porale left, ztr = zygo-temporale right.
o f adjacent facia l and  dental structures, w hich  
can resu lt in  n oticeab le  a lterations in  facial shape  
and sym m etry . By com paring landm ark variables 
betw een  c left and  NC ind iv id uals by gender, it 
w as p o ss ib le  to  exp lore th e  d im en sion a l im pact 
o f clefting  on th e  adjacent facial structures and  
to a sse ss  w h eth er  clefting  affects m ales and  
fem ales d ifferently . H en ce, our find ings provide  
in form ation  th at is  im portant for practising  
d en tists , w h o  p lay an im portan t role w ith in  the  
m u ltid iscip linary  team  o f  health  professionals  
that m an age c left p atien ts.
E arlier research  on  sex  d ifferences in  CLP has  
dem on strated  little  variation  in  th e  craniofacial 
m orphology  o f  in fan ts (20) or ch ildren  aged 6 to  
10 years (21,22). Our stud y dem onstrated  that 
m ean m ea su rem en ts ten d ed  to  b e larger in  the  
cleft sam p le  th an  th e  NC sam p le, for both  m ales  
and fem a les. T here w ere  a lso  so m e variables that 
sh ow ed  sign ifican t heterogen eity  in  variances 
betw een  c left and  NC sam p les for both  sexes. 
M id-facial b read th s in  th e  com bined  cleft sam ple  
revealed th at an orofacial c left m ay in flu en ce facial 
grow th aw ay from  th e  im m ed iate  cleft location  
and con trib ute to  asym m etry. A sym m etry in  
cleft p a tien ts  has b een  reported  in  th e  orbital, 
m axillary and  n asal reg ions (23). Sim ilar results
w ere obtained  in  th e  presen t study; th e  left 
optic foram en and orbitale in  th e  m ale sam ple  
ten d ed  to b e further from  the m id line com pared  
w ith  th e  contralateral side. T here w as a lso  som e  
evidence that th e  zygom a b on e in  th e  m id-face  
region  m ay be affected, w hich  ind icates a p ossib le  
direct in fluence o f th e  cleft on horizontal m id ­
facial breadths in  com parison w ith  unaffected  
individuals. W e found  that regardless o f  th e  cleft 
type, the m andible sh ow ed  som e ten d en cy  to  be  
larger in  th e  cleft sam ple com pared w ith  the NC 
sam ple, w hich differs from  previous research  
(24). In general, clefts can in fluence facial grow th  
aw ay from  th e  im m ediate cleft location , and th ese  
changes in  facial m orphology m ay subsequently  
in fluence oral function  and a lignm ent and grow th  
o f the dentition .
Very few  stu d ies have reported  on  th e  size  
and orientation  o f  th e  nasal b on es in  CLP patien ts  
using  either radiographs (25) or 3D CT (26), 
and to  our know ledge, no  stu d ies have provided  
results concerning asym m etry. W e fou nd  that 
m ales w ith  clefts ten d ed  to  sh ow  larger superior  
portions of th e  left nasal b on e  and greater left 
m id-facial breadths com pared w ith  th e  NC 
group, w hich  suggested  poten tia lly  le ft-dom in ant 
facial grow th. In fem ales, clefts had  a som ew h at
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different effect on nasal bone morphology, which 
tended to be larger superiorly and deviated to 
the right with a flatter and longer shape. This 
morphology suggested a possible effect of the cleft 
on the prominence of the nasal bridge. Results 
reported in the literature investigating nasal bone 
morphology range from reports of considerably 
shorter nasal bones in subjects with cleft lip 
compared with subjects with cleft palate (25), to 
longer nasal bones in cleft patients from 6 years 
of age through to adulthood compared with non­
cleft individuals (26). A combination of the cleft 
location together with normal lateral growth of the 
frontal bone and maxilla may explain the increase 
in nasal bone angulation observed superiorly. 
It is possible that the inferior dimensions of the 
nasal bone are less affected by CLP because they 
form the superior portion of the nasal cavity and 
are therefore influenced to a lesser degree by the 
surrounding craniofacial bones. Furthermore,
the facial muscles may affect the growth and 
deviation of facial bones, including the nasal 
bones (19). It is important to bear in mind that 
there are differences in craniofacial morphology 
among ethnic groups and caution is needed in 
extrapolating findings from one population to 
another. Nevertheless, head breadth dimensions 
in Malaysian infants in the 0 -1  age group are 
similar to those reported for Caucasians (15).
Analysis of the UCLP group showed that 
severe clefts together with dominant lateral 
growth of the skull resulted in a number of 
significant differences between the UCLP and 
the NC groups. These findings are supported 
by previous research with respect to transverse 
asymmetry in individuals with UCLP (27,28,29). 
Nasal bone lengths in UCLP tended to be longer in 
both vertical and horizontal dimensions compared 
with the NC group. This result is supported by 
evidence showing that UCLP individuals have







SEM SD M ean
(m m /°)
SEM SD P value
Distance from  landm ark  
to m idline plane, 
n a ~ s~ b a  (m m )
Inmr (nasal bone) 4-58 0.42 0.84 5-86 0.37 1.28 NS
Eur -51-43 4-57 9.14 -54-66 1.31 4-54 0.04*
Gor 24.30 1.81 3-62 25.86 0.66 2.29 NS
Mal - 30.18 3-57 7-14 - 32.40 0.84 2.91 0.01*
Pol - 31-35 2.42 4.84 - 33-24 0.82 2.84 NS
Ztr 34.20 2.87 5-74 36.47 0.81 2.81 0.03*
Breadth distance (m m )
Mal—mar 59-83 6.46 12.92 63.42 1.60 5-54 0.02*
Nasal bone distance (m m )
Na-n 10.03 1.46 2.92 11.41 0-47 1.63 NS
Angle (°)
Snm l-n-snm r 123.03 5-86 11.36 140.50 4-50 15-59 NS
Inm l-na-inm r 107.10 7-39 14.78 120.58 2.58 9.80 NS
Nasal bone deviation (°)
n -na  plane - 4.00 0.65 1.30 2.00 1.52 5-27 <0 .001**
Positive m ean  values ind ica te  th e  righ t side o f  th e  skull, w hile negative m ean  values ind ica te  th e  left side  o f th e  skull. *P <
0.05 ind ica tes significant difference, **P < 0.001 ind ica tes h ighly significant difference, an d  NS ind ica tes non-sign ifican t 
difference (P > 0.05) in variances betw een  NC an d  cleft g roups by F te s t .
A bbreviations: eu l = euryon  left, gol = gon ion  left, gor = gon ion  right, inm l = in ferio r naso -m ax illare  left, in m r = in ferio r 
naso-m axillare  right, m al = m asto id a le  left, m ar = m asto idale  right, n  = nasion , na  = nasale , pol = po rion  left, sn m l = 
su p e rio r n aso -m ax illare  left, sn m r = su p e rio r naso-m axillare  right, z tr  = zygo-tem porale right.
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a h igh  frequ en cy  o f  d isproportionately  w ide  
n oses in  relation  to  th e  n o se  height both  pre- 
and p ost-su rg ica l trea tm en t (30), w hereas other  
researchers have d ocu m en ted  that children w ith  
UCLP have sign ifican t nasal asym m etry that 
p ersists after prim ary surgery (13). In th e  present 
study, a sign ifican t degree o f  nasal b on e deviation  
away from  th e  c left w as d etected  in  the UCLP 
group.
T he 3D  CT tech n o logy  em ployed  in  th is study  
provides m ore accurate and  reliable m easurem ents
com pared w ith earlier m eth od olog ies that 
utilise  coronal cephalom etric or panoram ic  
radiographs. T hese m ethods are lim ited  due to  
super-im position; for exam ple, landm arks that 
are p osition ed  m ore posteriorly, such  as s and  
ba, m ay b e difficult to  locate due to  overlap w ith  
m ore anteriorly position ed  anatom ical structures. 
Furtherm ore, cephalom etric resu lts rely on  
p osition ing  th e  radiographic un it relative to  the  
external auditory m eati, w hich  can exh ib it intra- 
and in ter-individual variations. A lthough there
Table 4: D escrip tive sta tistics for nasal b one and facial breadth d im en sion s in  cleft lip  and palate
(U CLP), w ith ou t considering the side o f the cleft, and n on -cleft (NC) control groups
UCLP (n = 10) NC (n = 12)
Mean SEM SD Mean SEM SD P value
(mm) (mm)
Nasal bone distance (mm)
N a—n 12.58 0.44 1-39 10.66 0.58 2.01 0.02*
Inm l—sn m l 13-43 0.51 1.61 11.70 0.61 2.11 NS
Inm r—snm r 13-27 0.50 1.58 11.90 0.57 1.97 NS
Snm l—n 5-52 0.46 1-45 4.48 0.38 1.32 NS
S n m r—n 5-61 0.48 1.52 4-33 0-33 1.14 0.03*
Snm l—sn m r 10.50 0.91 2.88 7-79 0.62 2.15 0 .02*
Breadth distance (mm )
Orl-orr 36.72 1.24 3-92 33-28 0.94 3.26 0.04*
G ol-gor 57-H 1.40 4-43 52.09 2.11 7-31 N S
M al-m ar 68.85 1.28 4-05 63-93 3-19 11.05 NS
Ztl-ztr 80.49 1.60 5-06 72.87 3-01 10.43 0.04*
*P < 0 . 0 5  ind icates significant difference and  NS indicates non-significant difference (P  > 0 .0 5 ) in m ean values betw een NC 
and UCLP groups by unpaired  f test.
A bbreviations: gol = gonion left, gor = gonion right, inml = inferior naso-m axillare left, inm r = inferior naso-m axillare right, 
m al = m asto idale  left, m ar = m astoidale right, n = nasion, na  = nasale, orl = orbitale left, o rr = orbitale right, snm l = superior 
naso-m axillare left, sn m r = superio r naso-m axillare right, ztl = zygo-temporale left, z tr = zygo-temporale right.
Table 5: M ean d istan ces that dem onstrated  statistically  significant differences 
b etw een  ipsilateral and contralateral sides in th e  UCLP group (n = 10)
Mean SEM SD P  value
(mm)
Nasal bone distance (mm)
N a-n -7-97 0.88 2.78 <0.001*
M id-facelandmark distances (mm)
Zt-zt 0.72 0.31 0.98 0.045*
Positive m ean  value indicates the  ipsilateral side of the cleft, while negative m ean value indicates the 
con tra la tera l side o f th e  cleft. *P <  0 . 0 5  indicates significant difference and **P < o 0 0 1  indicates highly 
significant difference in m ean values betw een ipsilateral and  contralateral sides in t  e UCLP group >
paired  t  test.
A bbreviations: n  = nasion, na = nasale, zt = zygo-temporale.
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are advantages in using the 3D CT methodology, 
technological advances lead to the loss of some 
comparability between studies with software 
updates, e.g., differences in the definitions and 
identification of landmarks between different 
software programs.
A relatively small sample size and pooling of 
the different types of clefts for some of the analyses 
present further limitations to the present study. 
However, considering the difficulties involved in 
obtaining samples from unoperated CLP patients 
for whom CT scans are available, we think that 
the sample size is acceptable. It is expected that 
infants with an isolated cleft palate (n = 7) are more 
likely to demonstrate facial morphologies that are 
more symmetric than those of infants with UCLP. 
Hence, analyses that explored differences in facial 
asymmetry between cleft and NC groups (Tables 
4 and 5) were not based on pooled cleft data and 
included only UCLP infants from the cleft group. 
Given that the aims of the present study were 
to compare craniofacial morphology, including 
asymmetry, between samples of unoperated 
infants with CLP (regardless of the cleft type) and 
a control NC sample of unaffected infants, we 
consider the aims to have been adequately met by 
the pooling of cleft types for some but not all of the 
presented analyses. An additional issue related to 
the sample is the age distribution in the cleft and 
NC groups. The age range in the cleft group was 
slightly greater, i.e., 1.1- 12.2 months and a mean 
of 3.8 (SD 2 .5) months, than that in the NC group,
i.e., 0 .4- 11.9 months and a mean of 4.8 (SD 2.8) 
months. A few older children were included in the 
cleft group because their primary operation had 
been postponed due to other health problems, 
such as upper respiratory tract infection and 
aspiration pneumonia. Although this represents 
a limitation of the present study, the cleft and NC 
groups were age-matched as closely as possible. 
They demonstrated very similar age distributions, 
means, and SDs, and all of the presented data 
were age-adjusted.
Our assumption that the midline points (n - 
s-ba) can reliably represent a mid-facial plane 
that divides the face into two equal halves has 
been drawn from the literature (27,31); however, 
this may be debatable. For example, the spatial 
position of n could be affected by the type of cleft, 
and those of ba and s may be affected in subjects 
with hydrocephalus. Therefore, preliminary 
analyses were conducted and revealed that the 
positions of the 3 landmarks were apparently 
not significantly affected by abnormalities in 
craniofacial morphology in either the cleft or NC 
groups. A number of investigators have reported
significant differences in the size and shape of the 
cranial base of individuals with CLP compared 
with NC individuals. In contrast, very few 
differences in post-natal cranial base morphology 
and growth have been noted between individuals 
with isolated cleft lip and NC individuals. In the 
present study, the cranial base values (n-ba and 
n -s-b a ) did not differ significantly between the 
groups. Although not demonstrated in our study, 
a trend toward a greater cranial base length in NC 
individuals compared to cleft individuals has been 
reported previously (32).
Conclusion
Differences in mid-facial breadths and nasal 
bone dimensions were associated with clefting 
(UCLP versus NC). The nasal bones of individuals 
in the UCLP group deviated away from the cleft. It 
is important for members of the multidisciplinary 
team that manages cleft patients to have an 
understanding of how clefts affect not only dental 
and oral structures but also other surrounding 
anatomical structures. This study shows that 
CLP affects the size and orientation of the nasal 
bones and is also associated with alterations in 
the morphology of other facial bones at positions 
distant from the region of the cleft.
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Intracranial volume of patients with nonsyndromal 
craniosynostosis
D a v id  J o h n  N e t h e r w a y ,  Ph.D., A m a n d a  H e l e n  A b b o t t ,  Ph.D,
P e t e r  J o h n  A n d e r s o n ,  M .D., a n d  D a v id  J o h n  D a v id ,  M.D.
Australian Craniofacial Institute; Australian Craniofacial Unit, Women’s and Children’s Hospital; 
School o f Dentistry, Department of Surgery, University of Adelaide; and High Performance Learning 
Unit, Adelaide, Australia
Object. In recent years, comparisons between intracranial volumes (ICVs) o f  patients with craniosynostosis and 
healthy patients have given variable results, leading to questions regarding the validity o f the normal reference 
m aterial and the comparability of the measurement techniques. In this study, ICVs o f patients with nonsyndromal 
craniosynostosis without previous surgical intervention were compared with the ICVs of a normal population of Eu­
ropean descent determined using the same method for each group.
Methods. Determ ination of ICV was based on measuring the area of intersection in each computerized tomogra­
phy slice. For comparisons the ICV measurements for each patient were standardized with regard to age and sex by 
expressing them in terms of the standard deviation score.
Only the group of boys with metopic synostosis had a tendency toward smaller ICV than did healthy boys (p =
0.04). Partitioning the male metopic data into age groups younger and older than 7 months of age revealed that the 
younger children had normal ICVs, whereas the older children had, on average, smaller ICVs (p = 0.02). Both the 
female sagittal synostosis and the male unilateral coronal synostosis groups had larger than normal ICVs, both with a 
probability value less than 0.001.
Conclusions. No evidence was found that the ICVs of patients with nonsyndromal craniosynostosis are smaller 
than those of normal children, except for boys older than 7 months o f age with m etopic synostosis. This finding may 
have im plications for the timing of surgical intervention for these patients. The indications are that interventions 
should be focused less on ICV and more on normalizing craniofacial shape and promoting normal development.
Key W ords • intracranial volume • craniosynostosis • computerized tomography • 
pediatric neurosurgery
P
a t i e n t s  with nonsyndrom al craniosynostosis have a 
recognizable cranial deform ity named after the in­
volved sutures, although descriptions based on head 
shape are com m only  used (such as scaphocephaly, trigo­
nocephaly, frontal synostotic  plagiocephaly, brachycepha- 
ly and synostotic occipital [or posterior] plagiocephaly  
for sagittal, m etop ic, unilateral coronal, bilateral coronal, 
nnd unilateral lam bdoid synostosis, respectively).3 U su­
ally sporadic, nonsyndrom al craniosynostosis is the most 
common form o f  craniosynostosis.
Gault and co lleagu es,4 using CT determinations o f  ICV  
and Lichtenberg’s5 cephalom etric determination of normal 
fCV, investigated whether craniosynostosis results in a 
smaller-than-normal ICV. T hey found that most individuals 
were in the normal range, although the ICVs for all cra­
niosynostosis groups, other than for Apert syndrome, were
Abbreviations used in this paper: CT =  computerized tomogra­
phy; ICV = intracranial volume; SD = standard deviation.
Neurosurg: P ed ia trics /  Volum e 103 /A u g u s t, 2005
smaller than normal. They found that the SD  scores were 
statistically significant only if  all data were pooled and pa­
tients with Apert syndrome were excluded. Posnick and 
colleagues10 measured preoperative ICVs for patients with 
metopic and sagittal synostosis and found that their chil­
dren’s preoperative ICVs were generally above the age- 
and sex-matched norms o f  Lichtenberg. Comments on that 
paper raised questions regarding the comparative normal 
data and the methods for obtaining them .5 Netherway and 
colleagues8 found that the ICVs o f  patients with nonsyn­
dromal craniosynostosis were not smaller than those found 
in the A bbott-N etherw ay1 CT-determined normative data. 
With a larger sam ple size, Anderson and colleagues2 report­
ed reduced ICVs for patients with m etopic synostosis.
In this paper, the IC Vs o f  patients with a range o f  non­
syndromal craniosynostoses have been measured and sta­
tistical tests performed to determ ine whether significant 
differences exist relative to the A bbott-N etherw ay data on 
normal ICV.
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TABLE l





ments Mean Median SD Min Max
metopic F 7 4.4 2 .6 4.2 1 .8 13.6
M 25 6.5 4.9 4.7 0.9 18.2
sagittal F 11 3.3 2.9 1.1 2 .0 5.7
M 39 24.3 3.8 41.0 1 .0 167.2
unicoronal F 17 12.3 5.4 16.9 2 .1 69.2
M 11 7.1 3.6 7.8 1.7 25.8
bicoronal F 3 2.7 2 .6 0 .2 2 .6 2.9
unilambdoid M 2 6.9 6.9 1 .0 6 .2 7.6
bilambdoid F 2 46.7 46.7 44.8 15.0 78.3
bilambdoid & F 1 15.4 15.4 — 15.4 15.4
posterior sagittal M 2 1.7 1.7 0.4 1.4 1.9
* —  = not applicable.
Clinical Material and Methods
Patient Selection
A ll patients w ith craniosynostosis presenting at The A us­
tralian Craniofacial Unit undergo CT scanning as a part o f  
the m anagem ent protocol. Patients with nonsyndromal cra­
niosynostosis w ho had no surgical intervention prior to 
their CT scan w ere selected  for ICV measurement. Table 1 
gives the patient numbers and age distributions for each sex  
and diagnosis. T he tw o measurements for patients with bi­
lateral lam bdoid synostosis were for the sam e patient.
Determination o f ICV
For ICV measurem ent, the CT slices were processed one 
at a tim e to obtain the area o f  intersection o f the region o f  
interest w ith each slice. The in-house software package 
Persona w as used to contour (that is, outline) the bone in 
each slice at the specified  soft-tissue/bone threshold and to 
edit the contours.9 Triangulation o f  the contours was found 
useful for visualization and error detection and correction. 
A threshold o f  150 H ounsfield units was selected for deter­
mination o f  the bone surface for the children in our study. 
The ICV w as calculated as the sum o f  the cross-sectional 
areas that intersected the region o f  interest multiplied by the 
slice separation (referred to as the Cavalieri estimator). A  
bias correction term w as applied to com pensate for the ef­
fects o f  partial volum ing, depending on slice thickness and 
separation. This m ethod allow ed us to use our archived CT 
scans, w hich had data acquisition resolutions (slice thick­
nesses) ranging from  1 to 5 mm.
Comparison With Normal Intracranial Volume
The A bbott-N etherw ay normal curves7 were used for 
comparisons. T hese w ere based on R atow sky’s" reparame­
terization o f  the three-parameter, asymptotic, regression- 
growth curve y =  a (l — e -k(x-b)). The curves for each sex  
give the logarithm o f  the ICV as a function o f  the logarithm  
of the age from  conception (y and x in the above equation, 
respectively). The use o f  the logarithm means that the coef­
ficient o f  variation (SD /m ean) was m odeled as constant 
across the entire age range.
An ICV SD  score for each patient w as determined as the 
difference betw een the natural logarithm o f  the patient s
ICV and the sex-m atched normal curve evaluated at the pa­
tient’s age, divided by the SD . The SD  score variable has 
an expected mean o f  zero and a SD  o f  unity. Two-sam ple t- 
tests between the mean SD  scores and F tests between vari­
ances were performed between each patient group and the 
sex-matched normal group.
Results
The SD  scores for the ICVs o f  patients with nonsyn­
dromal craniosynostosis are show n in Fig. 1. and their de­
scriptive statistics are given  in Table 2. The IC Vs o f  all but 
tw o individuals were within the normal range o f  variation, 
and both o f  these were larger than norm al.
Only the group o f  boys with m etopic synostosis (Fig. 2) 
had significantly smaller ICVs than normal. O f the boys 
with metopic synostosis older than 7 months o f  age, only  
one was above the age- and sex-m atched mean. Partition­
ing the m ale metopic data into age groups younger and o l­
der than 7 months o f  age revealed that the younger group 
had normal ICVs (p =  0.339, 17 patients), whereas the o l­
der group had statistically significant smaller ICVs (p =  
0.015, eight patients).
The group o f  girls with metopic synostosis show ed no in­
dication o f  having smaller ICVs: only one patient was older 
than 7 months, and she had a positive SD  score o f 1.34.
Individually, patients w ith sagittal synostosis span the 
normal range o f  ICV (SD  score range - 2 . 2  to 2.1). Girls 
with sagittal synostosis (Fig. 3) have higher than normal 
ICVs (p =  0 .0002), whereas those o f  boys are not sign ifi­
cantly different from the normal values (p =  0 .231). This 
result for sex  is in contrast to that reported by Netherway, 
et al.,8 w ho used a sm aller population.
The boys w ith unilateral coronal synostosis (Fig. 4) had 
larger than normal ICVs (p =  0.001). A ll but one had an
Standard Deviation Score
Fig. 1. Graph showing the SD scores for ICVs for male (M) 
and female (F) patients with nonsyndromal craniosynostosis: me­
topic (MS), sagittal (SS), unilateral coronal (UC), bilateral coronal 
(BC), unilateral lambdoid (UL), bilateral lambdoid (BL) and both 
posterior sagittal and bilateral lambdoid (MB).
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Score Median SE Min Max p Value (t-test) p Value (F test)
metopic F 7 0.36 0.07 0.397 -0 .9 6 2.04 0.361 0.735
M 25 -0 .4 8 -0 .41 0 .2 0 2 -2 .2 7 1.45 0.040t 0.917
sagittal F 11 1.25 1.58 0.285 -1 .4 2 1.95 0 .0 0 0 2 t 0.912
M 39 0.26 0 .2 0 0.192 -2 .1 8 2.14 0.231 0.180
unicoronal F 17 0.15 0.27 0 .2 0 0 -1 .5 6 2 .0 0 0.552 0.388
M 11 1.14 1.28 0.326 -1 .0 5 3.20 o .o o it 0.654
bicoronal F 3 0.55 0.31 0.754 -0 .6 2 1.95 0.359 0.377
unilambdoid M 2 0.55 0.55 0.462 0.09 1 .0 1 0.446 0.969
bilambdoid F 2 0.70 0.70 0.318 0.38 1 .0 2 0.329 0.691
bilambdoid & F 1 0 .6 6 0 .6 6 — 0 .6 6 0 .6 6 0.512 —
posterior sagittal M 2 1.16 1.16 1.988 -0 .8 3 3.15 0.126 0.013 t
* SE = standard error of the mean, 
t  Values are statistically significant (p <  0.05).
ICV larger than the m ean normal ICV; the exception was 
the oldest in the sam ple at 26 months. The youngest had an 
exceptionally large ICV, with an SD  score o f  3.2. On re­
view, there w as no clinical reason to exclude this patient’s 
data. When he w as rem oved from the sample, the mean SD  
score was reduced from  1.14 to 0 .94 , the median score de­
creased from 1.28 to 1. 11 , and the probability value in­
creased from 0.001 to 0 .006 , thus the high value has little 
impact on the finding o f  a larger than normal ICV.
Lambdoid syn ostosis  is rare, and both sexes are not rep­
resented in our study. Our patients w ith unilateral and bi­
lateral lam bdoid synostosis had unremarkable ICVs, with 
SD scores in the range from  0 .09  to 1.02. The patient with 
bilateral lam bdoid syn ostosis w hom  w e have measured at 
15 months and at 6 years show ed  a slight relative increase 
in ICV, grow ing from  SD  score 0 .38  to 1.02. She has had 
no surgical intervention.
Age (months)
F ig . 2. G raph  sh o w in g  the  IC V s fo r boys w ith  m etopic synos­
tosis. For ch ild ren  y o u n g e r  than  7  m on ths o f  age, the data are d is­
tributed w ithin the  no rm al range; fo r  those  o ld er than 7 m onths o f 
age, all but one  po in t is b e lo w  the  m ean  for a  norm al population.
O f the three patients with posterior sagittal and bilateral 
lambdoid synostosis (som etim es referred to as M ercedes- 
Benz syndrome’ because the sutural ridging pattern resem ­
bles the w ell-know n autom obile icon), two have intracra­
nial volum es within the normal range, whereas one o f  the 
boys has an SD  score o f  3.15. The F test (see the last co l­
umn o f  Table 2) indicated that the variance for the males in 
this group was greater than normal. The ICV variance for 
the other nonsyndromal groups did not significantly differ 
from the normal range. The ICVs o f  the patients with bilat­
eral coronal synostosis were within the normal range.
Discussion
In the principal studies comparing the ICVs o f  patients 
with craniosynostosis and those o f  a reference o f  normal in­
dividuals, many authors questioned the validity o f  the ref-
Age (months)
Fig. 3. Graph showing the ICVs for girls with sagittal synosto­
sis. Although all patients had ICVs within the normal range, it is 
statistically significant that all but one had ICVs greater than the 
mean for a normal population.
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Age (months)
F ig . 4. Graph show ing the ICVs for boys with unilateral coro­
nal synostosis. It is statistically significant that all but one had ICVs 
greater than the mean for a normal population.
erence group. For exam ple, Gault and colleagues'1 make the 
follow ing com m ent: “The significant difference between 
girls and boys found in this study was surprising and diffi­
cult to explain. It m ay be that the effect o f  craniosynostosis 
on skull growth is more pronounced in girls than boys. A l­
ternatively, one could question the accuracy o f  the normal 
curves.” L ikew ise, Posnick and colleagues10 stated “. . .  w e  
were surprised to find that our children’s preoperative in­
tracranial volum es w ere generally above age- and sex- 
matched norm s.” Marsh6 said o f  Posnick and colleagues’ 
paper that it “. . . raises basic questions concerning the se­
lection o f  com parative ‘norm al’ data.” He concluded as fo l­
lows: . .  it is unlikely that the controversy regarding actu­
al intracranial volum e measurements in patients with 
craniosynostosis w ill be resolved until a normative data set 
has been obtained using the sam e m ethodology and tech­
nology as for analysis o f  the synostosis group.”
The normal data o f  Abbott and colleagues1 were based 
on a population o f  European decent who had undergone di­
agnostic CT scanning for conditions such as headaches, sei­
zures, and trauma that should not have affected their ICV. 
Caution is alw ays needed because o f  the possibility that 
data o f  this type m ay be biased toward underdevelopment 
on the basis that ill health is more likely to impede devel­
opment than to enhance it. Nevertheless, no evidence has 
been found for such a bias in their data. The CT data were 
contem poraneously collected using protocols and technolo­
gy similar to that used for clinical assessment o f  patients 
treated in a craniofacial surgery department. Here w e have 
compared our ICVs measurements for patients with non­
syndromal craniosynostoses with this noim al population.
We found little evidence that the ICV o f  patients with 
nonsyndromal craniosynostosis are smaller than normal ex ­
cept for boys with m etopic synostosis. Only two individu­
als, a boy w ith sagittal synostosis and a boy with metopic 
synostosis had SD  scores less than —2. The mean for male 
patients w ith m etopic synostosis tended to be less than nor­
mal (p =  0.04). This finding for m etopic synostosis was 
reported by Anderson, et al.,2 using the sam e data as report­
ed here. Further inspection o f  the data revealed that it was 
the patients older than 7 months o f  age who contributed to 
this low  ICV finding. If very young male patients with 
m etopic synostosis indeed have normal IC Vs and the older 
group have reduced ICVs (on average), then these findings 
could have im plications for managem ent o f  these patients. 
If a patient group were found to have smaller ICVs than a 
normal reference group, it may be that that group is simply 
underdeveloped in regard to the reference group rather than 
as a direct result o f  the pathological findings. B ecause these 
children as a group have normal ICVs before the age of 
7 months and then have sm aller ICVs on average after 7 
months, an association between the pathological entities 
and ICV is indicated; however, the impact on brain devel­
opment remains uncertain. This impact may be clarified by 
further cases and by longitudinal follow  up.
For patients with m etopic synostosis, Gault, et al.,4 re­
ported reduced— although not statistically significant—  
ICVs relative to the Lichtenberg normal group5 for five 
boys and three girls, and Posnick, et al.,10 reported larger 
ICVs than the Lichtenberg group for seven boys and three 
girls, whereas Marsh6 reported ICVs for four patients w ith­
in one SD  o f  the Lichtenberg group. Our findings are more 
in keeping with those o f  Gault, et al., and o f  Marsh.
A ll patient groups with nonsyndrom al craniosynostosis 
other than boys w ith m etopic synostosis had positive 
mean SD  scores, m eaning that, on average, patients in our 
sam ple had larger than normal ICVs; how ever, this was 
statistically significant only for girls with sagittal synosto­
sis and boys with unilateral coronal synostosis. Both o f  
these groups had a sam ple size  o f  11. It is possible that a 
larger sam ple size may show  that these groups do not dif­
fer from normal ones, but the evidence from this study is 
that the average ICV for patients in these groups is larger 
than noim al.
For patients with sagittal synostosis, Gault, et al.,4 re­
ported normal IC Vs relative to the Lichtenberg group5 for 
30 boys and 16 girls, and Posnick, et a l.,10 reported larger 
ICVs "than the Lichtenberg group for six  boys and two 
girls, whereas Marsh6 reported IC Vs for five patients 
within one SD  o f  the Lichtenberg group. Our findings for 
our sagittal synostosis groups were that their IC Vs are in 
the normal range but have a bias toward being larger than 
normal for girls.
It is notable that the age range for our study group o f  
girls w ith sagittal synostosis is up to 5.7 m onths, whereas 
the unoperated boys in our database extend in age up to 14 
years, perhaps indicating a previous preference for inter­
vention for girls.
A s stated earlier, w e found that the ICV for boys with 
unilateral coronal synostosis tended to be larger than found 
in the A bbott-N etherw ay normal group. Gault and co l­
leagues4 did not report separately for boys and girls but in­
dicated that the ICVs were less than those o f  the Lichten­
berg group for patients with coronal synostosis.
D ifferences between our findings and others (using Lich- 
tenberg’s noim al curves) can be accounted for partly by 
consideration o f  the age- and sex-dependent differences be­
tween the Lichtenberg and the A bbott-N etherw ay normal 
curves, and partly by sam ple differences from the relative­
ly small sam ple sizes in studies on this topic. Lichtenberg
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pooled his data for boys and girls younger than 12 months 
of age, which w ould have contributed to the sex differences 
identified by Gault and colleagues. M uch o f  the data for pa­
tients with unoperated craniosynostosis is for ages younger 
than 1 year.
Surgical intervention for craniosynostosis is undertaken 
to correct and prevent further distortion o f  the craniofacial 
skeleton and because o f  the attendant potential for con­
striction o f  brain growth. For all groups with nonsyndromal 
craniosynostosis, other than boys older than 7 months o f  
age with m etopic synostosis, there is no indication o f  ICVs 
being sm aller than normal; in addition, two groups have a 
tendency to have IC V s that are larger than normal. There­
fore, intervention for these nonsyndrom al craniosynostoses 
should appropriately be focused  less on ICV and more on 
normalizing craniofacial shape and promoting normal de­
velopment.
C onclusions
No evidence w as found that the ICVs o f  patients with 
nonsyndromal craniosynostosis are smaller on average than 
those of normal patients, except for boys with metopic syn­
ostosis. Both the groups o f  girls with sagittal synostosis and 
the boys with unilateral coronal synostosis had larger than 
normal ICVs. That the boys with m etopic synostosis have 
normal ICVs and the older group have reduced ICVs (on 
average) m ay have im plications for the timing o f surgical 
intervention for these patients, although the small sample 
size for the older group suggests that the addition o f  further 
cases would be prudent to validate the tentative association. 
The indications are that surgical intervention should focus 
less on ICV and more on norm alizing craniofacial shape 
and promoting normal developm ent.
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Oral features in Apert syndrome: 
a histological investigation
Structured Abstract
Authors -  Surman TL, Logan RM, Townsend GC, Anderson PJ 
Objectives -  The number of publications on the oral features in Apert syndrome is 
limited. The present study Investigated dental tissues In Apert syndrome 
histologically, to determine the nature and extent of anomalies, to provide some 
Insight Into the nature of the condition, and to explain how observed anomalies may 
affect the dental management of individuals with Apert syndrome.
Setting and Sample Population -  Extracted primary and secondary teeth were 
collected from patients with Apert who had attended the Australian Craniofacial Unit, 
Adelaide, South Australia. The total study sample comprised 13 individuals, aged 
from 14 to 21 , with nine men and four women.
Material and Methods -  A total of 40 teeth were available for histological 
examination (the number belonging to each individual varied from 2 to 5 per patient). 
The teeth were sectioned longitudinally, and one-half of each tooth underwent 
décalcification. Sections were stained with H&E for routine histological examination. 
Ground sections were prepared from undecalclfled tooth halves.
Results -  Histological assessment of the dental hard tissues revealed an intact 
enamel and dentinal structure but some irregularities were noted In the region of the 
dentino-enamel junction (DEJ), which could affect caries progression and also make 
dental management more difficult.
Conclusion -  This study identified histological anomalies of the DEJ of Apert 
syndrome teeth. An Improved appreciation of the nature and extent of dental 
anomalies in Apert syndrome should assist clinicians when undertaking 
management of affected individuals.
Key words: Acrocepha losyndacty lia ; cranlosynostoses; dentino-enam el junction; 
dentistry; tooth
Introduction
Apert syn d rom e is an au to so m a l d om in an t d isorder that w as first d e ­
scribed  by W heaton  in  1894 (1). S u b seq u en tly , it w as g iven  its e p o n y m o u s  
n a m e after b e in g  describ ed  by  A pert in  1906 (2). It is a form  o f  cran i­
o sy n o sto sis , a co n d itio n  in  w h ich  there is pre-m atu re c losure o f  certain  
calvarial sutures. T he coron al suture is sp ec ifica lly  a ffected  in  Apert 
syndrom e, lead in g  to  characteristic h ead  sh a p es  seco n d a ry  to  restriction  
o f  grow th p erp en d icu lar to th e  suture and  co m p en sa to ry  grow th in
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the rem a in in g  su tu res. T his p ro d u ces a w id e m id lin e  
defect a ffec tin g  th e  area o f  th e  m eto p ic  and  sagittal 
sutures. A pert sy n d ro m e is an  ex a m p le  o f  a syn d rom ic  
cran iosyn ostosis, w h ere  an un d erly in g  g en etic  m u ta ­
tion has b e e n  id en tified , and  m u ltip le  su tures are 
affected a lo n g  w ith  o th er  m an ifesta tion s .
The p rev a len ce  o f  A pert syn d rom e h as b een  
reported as 1:200 000, co n stitu tin g  a sm all proportion  
of all c a se s  o f  c ra n io sy n o sto s is , and  it occurs equally  
in m en  an d  w o m e n  in  p o p u la tio n -b a sed  stu d ies, but 
clinical s tu d ie s  h ave revea led  m ore affected  w o m en  
(3). D esp ite  its rarity, A pert syn d rom e h as b een  
studied b y  m o re  au th ors th an  an y  o f  th e  other three  
cran iosyn ostosis sy n d ro m es. T he triad o f  features that 
is a sso c ia ted  w ith  A pert syn d rom e in c lu d es cran i­
o syn ostosis, tu rrib rach ycep h aly  and  m id face  h y p o ­
plasia (4). G orlin  (5) d escr ib ed  th e  h ead  as b e in g  
broad, w ith  th e  m e to p ic  an d  sagitta l su tures w id ely  
patent d u rin g  in fancy , resu ltin g  in  turribrachycephaly  
(towering skull). T he ch aracteristic  craniofacial 
features o f  A pert sy n d ro m e are sh o w n  in  Fig. 1. 
C om m on fin d in g s in c lu d e  m axillary hypop lasia , 
w hich resu lts  in  sh a llo w  orb its and  p roptosis, hyp er­
telorism  and  d o w n -s la n tin g  palpebral fissures, a lon g  
with syn d acty ly  o f  th e  h a n d s and  feet (4). T here have  
been reports o f  a ffected  in d iv id u a ls h av in g  an om alies  
of th e v iscera , e lb o w s an d  sh ou ld ers, sk e le ton  and  
central n erv o u s sy stem , an d  th is o ften  results in  
im paired m en ta l fu n ctio n , em p h a s iz in g  th e  n eed  for 
ongoing care by  a w id e  range o f  m ed ica l and  surgical 
specialists.
T he clin ica l and  g en e tic  factors a sso c ia ted  w ith  Apert 
syn d rom e have b e e n  stu d ied  ex ten sively . T he m ajority  
o f stu d ies  h ave fo cu sed  on  th e  freq u en cy  and  resu lting  
effects o f  th e  tw o m ajor typ es o f  m u ta tio n s  a ffectin g  the  
FGFR2 gen e. Park e t al. (6) su m m a rized  th e  g en etic  and  
en v iron m en ta l in teraction s in  A pert syn d rom e. T he  
m u tation s in  th e  resu ltin g  FGFR2 g en e  alter th e  th ree- 
d im en sio n a l sh a p e  o f  th e  recep tor and  affect its role in  
grow th and  d ev e lo p m en t, resu ltin g  in  p re-m atu re  
fu s io n  o f  b o n e s  in  th e  skull, h a n d s and  feet o f th e  
p atien t w ith  Apert. D uring cran iofacia l d ev e lo p m en t, 
FGF sign a llin g  is in vo lved  n o t on ly  in  cran iofacia l b o n e  
form ation , bu t a lso  in  th e  form ation  o f  th e  palate, sa l­
ivary glands, teeth , cran iofacial m u sc le s  an d  to n g u e  
m u sc les  (7). It has b een  w ell d o cu m en ted  that FGFR2 
a lso  p lays an im p ortan t role in  to o th  d ev e lo p m en t. For 
exam p le, it has b e e n  sh o w n  that in  m ice  w ith  FGFR2 
m u tation s, to o th  d ev e lo p m en t fails to  d eve lop  b ey o n d  
th e  b u d  stage, w ith  d e fec ts  in  th e  salivary g lan d s and  
p alate a lso  b e in g  recorded  (7). T herefore, it seem s  
fea sib le  that FGFR sign a llin g  m u ta tio n s in flu en cin g  the  
cran iofacial features in  A pert syn d rom e m igh t also  
in flu en ce  th e  d en ta l tissu es , lead in g  to a lterations in  
s ize  and  sh a p e  o f  th e  teeth . F urtherm ore, FGF sig n a l­
lin g  p lays an im portant role in  th e  e p ith e lia l-m e se n ­
ch ym al tissu e  in teraction s that o ccu r  n orm ally  b e tw een  
th e  in n er  en a m el ep ith e liu m  and  th e  d en ta l pap illa  
during o d o n to g en es is , and  altered  exp ress ion  o f  th is 
grow th factor at critical stages o f  d ev e lo p m en t in  Apert 
syn d rom e co u ld  lead  to  a range o f  e ffects o n  the  
d en tition .
Ag. I. In tra- an d  ex tra-oral p h o tog raphs of a m ale w ith  Apert syndrom e. 
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C raniofacia l fea tu res o f  Apert syn d rom e w ill alw ays 
be an area o f  fo c u s  in  th e  literature, as d eve lop m en ts  
m ade ca n  h e lp  to  im p rove  fu n ction , appearance and  
ultim ately  th e  lo n g -term  survival o f  th e  p atien t w ith  
Apert. W ith a d v a n ces  in  m ed ica l im aging, su ch  as 
3D-CT sc a n n in g  an d  in -u tero  im aging, greater details  
of th e  cran io fac ia l sk e le to n  can  b e ob ta in ed . T he oral 
and d en ta l m a n ife s ta tio n s  o f  th e  syn d rom e have b een  
described  in  o n ly  a few  s tu d ies  that have fo cu sed  on  
m acroscop ic  fea tu res o f  th e  syn d rom e (8, 9). Various 
stud ies h a v e  recen tly  id en tified  sim ilar intraoral char­
acteristics, in c lu d in g  a cro ssb o w  or trapezoid-like  
m outh  sh a p e  w ith  o ften  protrud ing  lips, a h ypop lastic  
m axilla th a t ap p ears retruded  and  thus a C lass III 
m a lo cc lu sio n  w ith  an  e d g e -to -e d g e  in cisor  relationsh ip  
and anterior o p e n  b ite  (1 0 -1 2 ). D elayed  too th  eruption  
tim es o f  a lm o st a year h ave a lso  b e e n  reported. Specific  
dental a n o m a lie s  w ere  rep orted  by  D a lb en  et al. (12), 
in clud ing  e n a m e l p ro jection s, lo n g  can in e  cusps, 
supernum erary  tee th , d en ta l fu sion , en a m el opacity, 
enam el h yp o p la s ia , to o th  agen esis, ec to p ic  tooth  
p ositio n in g  a n d  to o th  im p a ctio n .
C o m m o n  tren d s h ave em erged  from  previous  
stud ies o f  A pert sy n d ro m e, w ith  a n om alies  in  grow th  
of the calvaria an d  facia l sk e le to n  b e in g  an im portant 
area for in v estig a tio n . C onsid erab le n u m b ers o f  
patients h ave  b e e n  s tu d ied  across a range o f  e th n ic ­
ities, in vo lv in g  ch ild ren  o f  d ifferent ages. This pro­
vides a v a lu ab le  c lin ica l sp ectru m  o f  th e  variation  
seen  in  th e  cran io fac ia l reg ion  and  th e  co m m o n  
skeletal d e fec ts  o f  A pert syn d rom e. H ow ever, Apert 
synd rom e is a  rare d isorder, and  co n seq u en tly  sa m ­
ple sizes rep orted  in  p rev iou s ind iv idual stu d ies have  
been  sm all. T herefore, lim ited  data  are available  
for q u an tita tive  c o m p a r iso n s  w ith  find ings often  
based o n  s in g le  ca se  p resen ta tio n s  that authors have  
attem pted  to  a sso c ia te  w ith  th e  entire sp ectru m  o f  
Apert sy n d ro m e. G en era liza tion  o f  typical features 
associa ted  w ith  A pert sy n d ro m e can  b e m ad e to 
som e ex ten t, b u t ea ch  in d iv idual has a u n iq u e  
p resen ta tion  th at n e e d s  to  b e taken into accou n t  
w hen  m a n a g e m e n t stra teg ies  are d evelop ed .
Apart from  a stu d y  b y  S o lo m o n  et al. (13) on  m u c o ­
p o lysacch arid es in  th e  palata l m u co sa  o f  p atien ts w ith  
Apert , in fo rm a tio n  o n  th e  h isto lo g ica l appearance o f  
the oral t is su e s  in  A pert syn d rom e is scarce. T his study  
aim s to  p rov id e  m o re  defin itive  in sigh ts in to  the  
histo log ica l stru ctu re  o f  th e  d enta l tissu es in  Apert
syndrom e. T he k n ow led ge ga in ed  from  th is stud y  
sh ou ld  alert dental p ractitioners to  th e  ch a llen g es that  
m ay arise w h en  m an ag in g  oral p rob lem s in  p atien ts  
w ith  Apert syndrom e.
Materials and m ethods
Sample population
T his study  in volved  13 p atien ts w ith  A pert syn d rom e for  
w h o m  records are kept in  th e  A ustralian  C raniofacial 
U n it (ACFU) at th e  W o m en ’s and  C hildren’s H osp ital, 
A delaide, South  Australia. C ran iosyn ostosis syn d rom es, 
in clu d in g  Apert synd rom e, are a m ajor area o f  fo cu s  in  
b oth  surgical and m u ltid isc ip lin ary  m a n a g em en t by  the  
ACFU, and  th us a relatively  h igh  n u m b er  o f  p atien ts  
have b een  treated  w ith  th is c o n d it io n  d esp ite  its rare 
nature. E thics approval w as ob ta in ed  from  th e  E thics 
C om m ittee  at th e  WCH (W CH200A).
Extracted teeth for histological study
T eeth  o f  p atien ts d iagn osed  w ith  A pert syn d rom e that 
h ad  b een  extracted  p rev iou sly  fo llow in g  ACFU surgical 
procedures in  a sso c ia tio n  w ith  each  p a tien ts particular  
m a n a g em en t p rotoco l form ed  th e  stu d y  sa m p le  for  
h isto log ica l analysis. Forty tee th  stored  in  form alin  
w ere evaluated  for stu d y  in c lu d in g  b o th  prim ary and  
secon d ary  d en tition s.
Each tooth  w as b isec ted  lon g itu d in a lly . O n e-h a lf  
o f  each  tooth  u n d erw en t d éca lc ifica tion  and  w as  
p ro cessed  for routine h isto log ica l exam in ation . Five 
m icron  sec tio n s w ere sta in ed  w ith  h aem atoxy lin  and  
eo sin  (H&E). G round sec tio n s  w ere prepared  from  th e  
rem ain in g  u n d eca lc ified  too th  h alves en a b lin g  ex a m i­
nation  o f  b oth  th e  en a m el and  d en tin e . All sp ec im en s  
w ere exam in ed  u sin g  an O lym pus BH2 m icro sco p e  
and photograp h ed  u sin g  an O lym pus Altra 20 d igital 
cam era (O lym pus Australia, Mt. W averley, V ictoria, 
A ustralia).
The im ages provided  in  th is article rep resen t on ly  a 
sm all proportion  o f  th e  sa m p les  prepared  and  ex a m ­
ined. It sh ou ld  b e n o ted  that, to avoid  sa m p lin g  b ias, all 
areas o f  too th  structure v is ib le  in  h isto lo g ica l analysis  
w ere a ssessed  and n o ted  w ith  featu res b e in g  c o n s is ­
ten tly  described . Im ages th at w ere ch o sen  for in c lu sion  
as figures provided  the b est rep resen ta tion s o f  the  
features under study.
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Results
Exam ination o f  th e  d en ta l hard tissu es o f  extracted  
teeth from  A pert sy n d ro m e in d iv id u a ls revealed  
no gross a n o m a lie s  in  en a m e l or den tin a l structure. 
Figures 2 a n d  3 sh o w  th e  relatively  norm al dentinal 
appearance o f  an  p a tien t w ith  Apert syn d rom e. The 
enamel a lso  ap p ears n orm al d esp ite  th e  d ifficu lties in  
imaging b e c a u se  o f  o p tica l ligh t in terference.
W hen th e  d e n tin e  and  en a m el w ere exam in ed  at 
higher m a g n ifica tio n , th e  DEJ ap p eared  to  sh o w  so m e  
in con sisten cies w ith in  its structure. T he literature is 
clear in d escr ib in g  th e  DEJ as norm ally  b e in g  sca llop ed  
in appearance in  grou n d  se c t io n s  and  sh o w in g  m arked  
scalloping in  d em in era liz ed  se c t io n s  (14). H ow ever, all 
of the s p e c im e n s  ex a m in ed  fa iled  to  sh o w  th is feature. 
H istological s e c t io n s  sh o w e d  e ith er  a flat DEJ or a wavy, 
inconsistent ju n c tio n  th at d id  n o t con form  w ith  the  
structure u su a lly  d escr ib ed  (Fig. 4).
Other stru ctu res s e e n  in  th e  en a m el in c lu d ed  en am el 
tufts and  la m ella e , w h ich  are d ev e lo p m en ta l features  
relating to  th e  fo rm a tio n  o f  th e  en a m el and  d en tin e  
whose stru ctu re is in f lu e n c e d  b y  th e  DEJ form ation . 
Four sp e c im e n s , or 10% o f  th e  tee th  cu t in  a m es io -  
distal p lan e  sh o w e d  irregularities in c lu d in g  sm all dark 
projections from  th e  d en tin e  in to  th e  en am el. S om e  
areas ap p eared  w ith  n o  p rojection s and  so m e  
tu fts/lam ellae w ere  p resen t (Fig. 5). T here w as also  
evidence o f  a b rok en  DEJ in  a few  Apert syndrom e
Fig. 3. G round section  o f an  Apert syndrom e too th  (x40 m agnifica­
tion). N ote the defined tu b u la r struc tu re  o f the  d en tin e  (see arrows).
A& 2. G round sec tion  o f an  A pert syndrom e tooth  (xlO m agnifica­
tion). Note th e  characteristic  curvature  o f th e  dentinal tubules 
aPproaching the  d en tin o -en am el ju n c tio n  (see arrows).
Fig. 4. xlO m icroscopic view of a g round  section  show ing inconsis­
ten t struc tu re  a t the den tino -enam el junction . Scalloping is n o n ­
existent tow ards the  top o f the im age (top arrows) and  is m arked 
tow ards the  bo ttom  of the im age (bottom  arrows).
sp ec im en s, w ith  th e  large gaps ap pearin g  to be artifacts 
that had  occurred during p reparation  (Fig. 6).
H&E sta in ed  sec t io n s  revealed  a relatively  in tact 
den tin a l structure. T he tubular structure appeared  to  
be n orm al and  d id  n o t sh o w  an y  o b v io u s irregularities  
w h en  exam in ed  h isto log ica lly . H ow ever, th e  DEJ again  
revealed  variation. It sh o w ed  a profile that differed  
from  d escrip tion s in  th e  literature. S ca llop in g  w as  
rarely seen  in  the Apert sp ec im en s  and, if presen t,
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Fig. 5. x20 m icroscop ic  view  of a  ground  section  show ing som e 
evidence o f p ro jec tio n s o r lam ellae in to  the  enam el from  the dentino- 
enam el ju n c tio n . This is m o re  m arked  on  the  left of the im age (see 
arrows).
Fig. 6. xlO m icroscop ic  view of a g round  section  show ing m arked 
spacing b e tw een  th e  en am el an d  d en tin e  structu res a t the  dentino- 
enam el junction , identifying a  defect in section  p repara tion  (see 
arrows).
sh ow ed  an in c o n s is te n t  or irregular pattern  (Figs 7 
and 8).
Discussion
D esp ite  c o n sid era b le  d o cu m en ta tio n  on  th e  general 
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Fig. 7. xlO m icroscopic view of th e  d en tine  (darker area) and  denti- 
no-enam el ju n c tio n  (DEJ) (see arrows), w hich  show s a fla ttened  DEJ 
w ith som e irregular scalloping. The lighter area identifies the 
dem ineralized  enam el space.
literature o n  th e  oral effects o f  th e  syn d rom e. This 
study has p rovided  so m e  n ew  in s igh ts in to  th e  h is to ­
log ica l featu res o f  th e  d en ta l t issu es in  A pert syn drom e. 
G iven th e  rarity o f  th e  con d ition , a relatively  large 
sam p le  o f  Apert tee th  w as available for study.
An early d escrip tion  o f  th e  DEJ w as g iven  by T om es  
(15), w h o  im p lied  that all en a m e l is fe s to o n ed  (sh ow in g  
a lo o p ed  or curved  app earance) tow ards th e  d en tin a l 
surface. F ew  stu d ies have q u estio n ed  th is co n cep t, 
a lthough  Rywkind (16) n o ted  that in  so m e  teeth  the  
sca llop in g  is irregular in  s ize  and  d istr ib u tion  and  
so m etim es  absen t. G ustafson  (17) con firm ed  th e  b asic  
arcad e-sh ap ed  ap p earan ce o f  th e  ju n ctio n , bu t agreed  
that th e  d ev e lo p m en t o f  th e  sca llo p s varied  from  too th  
to tooth , and  su ggested  that th e  pattern  m ay b e char­
acteristic  o f  th e  ind ividual. T he authors n o ted  that the  
arcades w ere m ore p ro n o u n ced  in  flu orosed  teeth . 
Falin (18) describ ed  th e  DEJ in  B ronze A ge teeth  
as b e in g  flat or sligh tly  fe s to o n ed  in  pre-m olars and  
m olars, and  sca llop ed  in  ca n in es and  incisors. N o  
com p arab le stu d y  appears to have b een  carried ou t 
in tee th  o f  m od ern  origin. Scott and  S ym on s (19) 
co m m en ted  u p o n  th e  variation  in  s ize  o f  th e  d o m e ­
sh ap ed  sca llop s, w h ich  are u su a lly  m o st m arked in  the  
cuspal region, bu t are o cca sio n a lly  ab sen t. T he loca tion  
o f th e  m o st m arked sca llop in g , as d escrib ed  by  
Schour (20), w as in  th e  g ingival third o f  teeth . W hittaker  
et al. (21) fou n d  tufts and  lam ellae  co m m o n ly  
w ith in  sp ec im en s o f  norm al too th  structure but, in  our
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Fig. 8. M o la r  c e rv ic a l re g io n  o f  a n  A p e rt s y n d ro m e  to o th  th a t has 
been H & E  p re p a re d . N o te  th e  ir re g u la r  s c a llo p in g  a lo n g  th e  e n tire  
length o f th e  d e n t in o -e n a m e l ju n c t io n .  T h e  a rrow s  sh o w  som e o f  the  
more p ro n o u n c e d  ir re g u la r it ie s .
study, tufts a n d /o r  lam ellae were rarely visible (only 
appearing in  10% of sam ples). This may suggest 
anomalies associated  with DEJ developm ent. In our 
study, scalloping was absen t or irregular in all areas of 
the crown and  seem ed consistently absent in the 
cuspal regions, w here it has previously been described 
as being profound. The p reparation  of the samples 
caused som e traum a to specim ens, especially during 
the hand polishing stages, and  this may have contrib­
uted to the artifacts seen.
Given th a t FGF signalling (particularly FGFR2) plays 
an im portant role in the  form ation of the teeth, and 
formation of the  enam el and dentine is dependent on 
reciprocal epithelial and  m esenchym al interactions, 
anomalies in  FGFR signalling in Apert syndrom e may 
affect dental developm ent, leading to m acroscopic and 
histological anom alies (22, 23).
So w hat do these  findings m ean  for patients with 
Apert syndrom e ? They suggest tha t changes should be 
considered to optim ize the m anagem ent of children 
with Apert syndrom e, both  dentally and orthodonti- 
oally. Anom alies in the  teeth  of patients may p re­
dispose them  to difficulties in tooth eruption, in 
maintaining good oral hygiene and in ensuring correct 
bonding of o rthodon tic  brackets and placem ent of 
orthodontic wires. H ohoff et al. (10) reported on the 
difficulties associated  w ith orthodontic treatm ent
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because of partially erupted  teeth  and soft tissue 
anom alies but Apert teeth  m ay also be pre-disposed to 
poor bonding in restorative trea tm en t and  orthodontic 
bracket application. Histological anom alies of the 
enam el and dentine interface m ay also prom ote the 
advance of caries in  patients teeth. Interestingly, 
M ustafa et al. (24) assessed caries levels in craniosy- 
nostosis syndrom es and non-craniosynostosis groups, 
with results showing a significantly greater caries 
prevalence in individuals affected by Apert syndrom e. 
Further focus on caries prevalence in future studies 
should provide m ore conclusive data. Dalben et al. (12) 
reported on the oral health status of children with 
syndrom ic craniosynostosis, including 10 patients with 
Apert syndrom e, and showed a predom inance of caries 
(m easured by DMFT (Decayed, missing, filled teeth) 
scores) in these patients, concluding tha t there is an 
increased need for follow-up program m es by their 
dental practitioners. Anomalies in the DEJ interface 
m ay also affect the ability of m aterials to bond to the 
enam el and dentine, thus increasing the likelihood of 
de-bonding of m aterials while also increasing the risk 
of secondary caries. Further studies of the caries 
experience of patients with Apert would be valuable in 
ensuring tha t this risk is reduced and tha t appropriate 
m anagem ent plans are im plem ented.
Overall, the findings of the presen t investigation 
indicate that there are anom alies in the oral hard  tis­
sues in patients with Apert syndrom e. Further studies 
com paring the histological characteristics of teeth 
obtained from individuals with Apert syndrom e with 
teeth  obtained from unaffected individuals would 
further strengthen the findings. Although the study 
sam ple was lim ited in size because of the rarity of the 
syndrom e, results show ed that the dental tissues vary 
from norm al histologically, and these variations have 
im plications for the m anagem ent of individuals with 
Apert syndrome.
Clinical relevance
Children w ith Apert syndrom e have obvious dysm orphic 
facial growth, particularly affecting the midface. The 
need for corrective surgery, therefore, is inevitable. The 
orthodontist faces challenges because of anom alies in 
the m orphology of the teeth, crowding and delayed 
eruption. This study identified histological anom alies in
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the den tino-enam el junction  (DEJ) and an appreciation 
of the effects of these anom alies will assist clinicians in 
m anaging p atien ts  with Apert syndrom e. Effective 
clinical m anagem en t requires a close co-operation 
betw een the pedodontist, orthodontist and surgeon. 
U nderstanding the roles of each practitioner will ensure 
successful p lanning  and  delivery of treatm ent and result 
in optim al trea tm en t outcom es for patients.
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Abstract C raniosynostosis is the prem ature fusion of 
calvarial sutures. It results from abnorm al differentia­
tion or proliferation o f  cells within the osteogenic fronts 
of growing calvarial bones. To date, research has fo­
cused on anim al models and in vitro organ and tissue 
culture to determ ine the m olecular mechanisms con-
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trolling calvarial suture morphogenesis. Here, we test a 
new, in vivo-in vitro approach based on the hypothesis 
that calvarial suture cells passaged in minimal medium 
exhibit a stable gene expression profile similar to un­
differentiated osteoblastic cells that can provide a 
benchm ark for com parison with in vivo expression of 
differentiated tissue. We show tha t tissue-specific ex­
pression is lost after the first passage and, using cDNA 
m icroarrays, com pare expression between fused suture 
tissue from craniosynostosis patients and in vitro de­
differentiated explant cells. A large num ber of differen­
tially expressed genes were identified, including novel 
genes W IFI, LEF1, SA T B 2, R A R R E S 1 , D EFA1 , 
D M P1, P T P R Z 1, and P TP R C , as well as those com ­
monly associated with hum an suture morphogenesis, 
e.g., FGF2, M SX 2, and BM P2. Two differentially ex­
pressed genes, W IFI and FGF2, were further examined 
in an in vivo-in vivo com parison between unfused and 
prem aturely fused tissue. The same pattern  of differen­
tial expression was observed in each case, further val­
idating the ability of our in vivo-in vitro approach to 
identify genes involved in in vivo hum an calvarial tissue 
differentiation.
K ey words craniosynostosis • m icroarray • 
differentiation ■ osteoblast • de-differentiate.
Introduction
Craniosynostosis, the prem ature fusion o f calvarial 
sutures, is the second m ost com m on craniofacial 
developmental abnorm ality, occurring in one in 2,500 
live births, and results in cranial vault and facial 
m alform ation (Wilkie, 2000). Prem ature suture fusion 
results from abnorm al differentiation and proliferation 
of cells within the growing osteogenic fronts o f calvarial
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bones, an area populated by mesenchyme, osteopro- 
genitor cells, preosteoblasts, and osteoblasts. The study 
of prem ature fusion thus provides a model to study 
the m olecular process o f osteogenesis. To date, 11 genes 
have been identified with m utations causing 
craniosynostosis including members of the fibroblast 
grow th factor (F G F ), transform ing growth factor (3 
(TGF(3), and E ph/E phrin  families (for a review, see 
Rice, 2005). The num ber o f genes and signaling path­
ways so far identified emphasize the complexity of the 
molecular regulation of suture development.
A num ber o f approaches have been used to study 
the molecular pathogenesis o f craniosynostosis. These 
include the analysis o f transgenic animals expressing or- 
thologous hum an craniosynostosis mutations, in vitro 
m anipulation o f organ culture or cell lines generated 
from anim al calvaria, or in vitro culturing of human su­
ture tissue obtained from patients with craniosynostosis 
(for example, Bourgeois et al., 1998; Liu et ah, 1999; 
O pperm an et al., 2002a; G uenou et al., 2005; Mansu- 
khani et al., 2005; R atisoontorn et al., 2005; Sahar et al.,
2005). The findings of these studies relate either to the 
in vivo developm ent o f non-prim ate animals, or they have 
been conducted in an in vitro environment using various 
media that prom ote either cellular proliferation or arti­
ficial induction o f a phenotype that resembles osteoblast 
differentiation. Thus, it is uncertain how the experimen­
tal observations from  these studies relate to the in vivo 
processes o f prem ature suture fusion in humans.
There are a num ber o f approaches that are more 
appropria te  when investigating the hum an situation. 
The approach  with the least ambiguity in interpretation 
is an in vivo-in vivo com parison of fused, fusing, and 
unfused regions o f the same suture from the same 
craniosynostosis patient. Such in vivo comparisons have 
been successful for the murine situation (M ost et al., 
1998; Spector et al., 2000; Song et al., 2004; Sahar et al.,
2005); however, such an analysis in hum ans is associ­
ated with significant ethical and technical challenges. 
M oreover, as these are complex tissues the degree of 
differential gene expression will be less than that when 
com paring, for example, undifferentiated and differen­
tiated cells, as the tissue complexes are made up of 
cells o f varying states of differentiation. The most 
com m only utilized approach for hum an studies is an 
in vitro—in vitro com parison between cells cultured from 
fused and unfused sutures, which allows not only an 
analysis o f differential gene expression but also func­
tional analysis o f the differentiative and proliferative 
capacity of the different cell populations (de Pollack 
et al., 1996, 1997). However, the artificial nature of the 
in vitro environm ent creates difficulties in translating the 
results o f  an in vitro—in vitro com parison with the in vivo 
state. A num ber o f studies have therefore subsequently 
utilized histological analyses o f hum an suture tissues to 
confirm in vitro observations (Lomri et al., 1998; Lem- 
onnier et al., 2000, 2001).
However, an interesting and potentially advanta­
geous observation from  in vitro m anipulations is that 
osteoblasts have the potential to de-differentiate under 
the right conditions (Owen et al., 1990; Nefussi et al., 
1997; Lee et al., 1999; Song and Tuan, 2004). In 
particular, the removal o f the extracellular matrix 
(ECM ) from  m ature mineralized ra t calvarial-derived 
osteoblasts in vitro through trypsinization results in the 
reinitiation o f the developmental sequence o f prolifer­
ation, osteoblast differentiation, ECM  m aturation and 
m ineralization m ediated though culturing in osteogenic 
media (Owen et al., 1990). O steoblast cells expressing 
late-stage differentiation m arkers osteocalcin (OC) and 
osteopontin (OP) when grown in m ineralization media 
and then trypsinized and grown in minimal medium 
undergo a rapid down-regulation o f OC  and OP 
expression, the expression of these m arkers being 
restored only after addition o f osteogenic media and 
the reform ation of a m ature mineralized matrix. This 
dem onstrates that m ature osteoblasts can be induced to 
re-enter the developmental cascade.
Consistently, it has been shown that culturing of 
hum an calvarial suture cells isolated by collagenase 
digestion produces a population o f cells with charac­
teristics of preosteoblastic cells (de Pollack et al., 1997). 
The growth o f such cells under basal conditions can be 
used to study progenitor proliferation, while growth 
under mineralization media is used to study the pro­
cesses and tem poral gene expression changes during 
osteoblast differentiation (de Pollack et al., 1996, 1997; 
Lomri et al., 1998; Yousfi et al., 2001; R atisoontorn 
et al., 2005). Thus, to identify the genes involved in 
osteogenesis, it would be informative to compare calva­
rial cells grown under basal conditions with those at 
different stages o f in vitro differentiation. Such a com­
parison has been carried out using gene expression 
microarrays to identify the genes involved in BMP2- 
induced osteoblastic differentiation o f hum an me­
senchymal stem cells (Vaes et al., 2005). However, it still 
remains unclear how fully reflective in vitro differentiated 
osteoblasts are o f in vivo differentiated osteoblasts.
While both in vitro and in vivo analyses o f hum an 
sutures have been used to investigate the pathophysi­
ology of craniosynostosis, a com parative analysis of 
these two experimental systems has not been conducted 
for the purpose o f gene identification. Here, we describe 
a novel application of hum an calvarial cell culture uti­
lizing the observation tha t passage o f hum an calvarial 
suture cells results in the production of a cell population 
characteristic of preosteoblastic cells. M icroarrays were 
used to com pare in vivo gene expression profiles o f pre­
maturely fused suture tissues with profiles of cells 
derived from the same tissue grown under non­
differentiating conditions. Thus, we are able to com ­
pare the expression o f fully differentiated tissue with 
that o f cell populations exhibiting a gene expression 
profile typical o f undifferentiated osteogenic cells.
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Therefore, genes th a t are required to drive osteoblast 
differentiation and m ineralization in the suture tissue 
will be expressed in the tissue samples but not by their 
corresponding m atched, de-differentiated cell popula­
tions. Similarly, those genes found to be down-regulat­
ed in the tissue, com pared with culture, are likely to be 
involved in inhibition o f differentiation or inducing 
osteoprogenitor proliferation, the processes that pre­
cede bone form ation and suture fusion. Finally, we val­
idated our novel in vivo-in vitro approach by analyzing 
the expression o f two identified genes in an in vivo- 
in vivo com parison between unfused and prematurely 
fused suture tissues. We show tha t the same pattern of 
differential expression is seen for the in vivo-in vivo 
and in vivo-in vitro analyses and that a greater fold 
change is observed for our novel in vivo-in vitro com ­




Calvarial suture samples were obtained from three patients under­
going transcranial surgery for syndromic or non-syndromic 
craniosynostosis. To minimize any age-related changes in osteo­
blast differentiation and bone formation (de Pollack et al., 1997) 
and to eliminate any sex-related effects on the development of 
craniosynostosis (Lajeunie et al., 1995), sutures were obtained from 
males aged 6-7 months. Patients were previously genotyped for all 
known FGFR1-3 and T W IST 1 craniosynostosis-causing mutations 
(Table I) (Anderson et al., 2007). Consent was provided by all 
guardians in line with the guidelines received from the Research 
Ethics Committee of the Children, Youth and Women’s Health 
Service, Adelaide, South Australia. Suture tissue was taken from 
prematurely fused sutures, and one unfused suture from one patient 
(Table 1). Samples were sectioned into two parts on removal. 
Specimens used for cell culture were placed in Ringers solution for 
up to 4 h until processed. Specimens used for microarray analysis 
were stored in RNAlater (Ambion, Austin, TX). The suture com­
plex (suture mesenchyme plus 3 mm bone on either side for unfused 
sutures, or fused bony ridge plus 3 mm bone on either side for fused 
sutures) was dissected from all specimens and the overlying peri­
cranium was removed.
Suture cell culture
Human calvarial suture cells were obtained by collagenase digestion 
and explant culture following the method described by de Pollack
et al. (1996). Briefly, dissected suture samples were minced into 
1mm fragments and incubated in 0.25% collagenase for 2h at 
37 C. Samples were centrifuged and the supernatant was removed. 
Following three washes in PBS, samples were plated at 5 bone 
fragments per well, in 12-well plates, and cultured in high-glucose 
Dulbecco’s modified essential medium (DMEM, Invitrogen Life 
Technologies, Gaithersburg, MD) supplemented with L-glutamine 
(584mg/1), 10% fetal calf serum, and 1% antibiotics (penicillin 
lOOIU/ml, streptomycin lOOpg/ml) in a humidified atmosphere of 
5% C 0 2 maintained at 37°C. Upon confluence, cells were plated in 
T25 flasks and labeled P I . Medium was changed every 2 days. Cells 
were passaged to P4 and grown to 90% confluence before RNA 
extraction. For one fused sample (#58), RNA was also extracted 
before each passage.
Suture cell differentiation
To test the osteogenic capacity of cultured suture cells, at conflu­
ence (day 6) minimal medium was replaced with either minimal 
medium or minimal medium supplemented with 0.05 mM ascorbic 
acid, 10 mM (3-glycerophosphate, and 100 nM dexamethasone. Me­
dia were changed every 3 days. Matrix formation and mineraliza­
tion were measured at day 22, 16 days after the addition of 
supplemented media. Cells were washed in distilled H20 , followed 
by staining for mineral formation using the von Kossa method and 
then for collagenous ECM formation using the van Gieson method, 
followed by fixation in 70% ethanol. RNA was extracted from 
triplicate unstained wells for each medium.
Total RNA isolation
Total RNA was isolated from P4 cells following trypsinization and 
washing with PBS. Cell pellets were resuspended in TRI Reagent 
(Molecular Research Center, Cincinnati, OH) and RNA was iso­
lated following the manufacturer’s protocol. Tissue samples stored 
in RNAlater were cut into 30-40 mg pieces. Individual pieces were 
wrapped in a heavy-duty aluminum foil, snap-frozen, crushed, and 
homogenized in 2 ml TRI Reagent using a Mini-Bead-Beater-8 
(BioSpec Products, Bartlesville, OK). RNA was isolated from the 
supernatant following Naderi et al. (2004). Briefly, the separated 
aqueous phase was extracted twice with chloroform and precipi­
tated with 1 volume isopropanol, 0.1 volume 7.5 M ammonium 
acetate, and 5 pg/ml linear polyacrylamide (Ambion) at -  20°C 
overnight. Pelleted RNA was washed twice with 70% ethanol and 
resuspended in The RNA Storage Solution (Ambion). P4 cell RNA 
used for microarrays was treated with 10 Units DNase I (Qiagen, 
Clifton Hill, Australia) at a concentration of 5pg RNA/lOOpl. 
RNA extracts from the same tissues were combined and lOpg of 
each combined tissue-RNA and treated-cell RNA was purified and 
concentrated with phenol:chloroform:isoamyl alcohol (25:24:1) ex­
traction. Total RNA quality was determined by running a non- 
denaturing 1.5% agarose Tris-borate EDTA (TBE) buffered gel 
and analyzing the integrity of the 28S and 18S ribosomal bands in
Table I Suture samples used for analysis of tissue and explant cell expression by microarray and QRT-PCR
Patient Phenotype Sex Age (months) Identified
mutation
Fused Unfused
#42 Apert syndrome M 7 FGFR2 Ser252Trp Coronal
#50 Sagittal synostosis M 6 Sagittal
#58
lo
Sagittal synostosis M 7 Sagittal1 Sagittal1
'Samples obtained from these sutures used only for QRT-PCR.
QRT-PCR, real-time quantitative reverse-transcriptase polymerase chain reaction.
Table 2 P rim ers used fo r  Q R T -P C R
Primer set Forward (5'-3') Reverse (5'-3') Amplicon (bp)
COL1A1 CGAAGACATCCCACCAATCAC TTGTCGCAGACGCAGATCC 99
ALP CGTGGCTAAGAATGTCATCATGTT TGGTGGAGCTGACCCTTGA 90
BSP TTTCTGCTACAACACTGGGCTATG TTGAGAAAGCACAGGCCATTC 102
OC CCACCGAGACACCATGAGAGC CCAGCGATGCAAAGTGCG 69
DLX5 CGCTGGGATTGACACAAACAC GTTACACGCCATTGGGTCG 131
FGFR1 CCCGCAGCCGCACAT TGGTATTAACTCCAGCAGTCTTCAAG 110
FGF2 AGAAGAGCGACCCTCACATCA GCCAGGGTAACGGTTAGCACAC 91
MSX2 GCCTCGGTCAAGTCGGAAA CAGGT GGT AGGGCT CGT AT GT C 98
NOG TGCCGAGCGAGATCAAAGG T GTCT GCGACCACAGCCAC 113
TWIST 1 ACTTCCTCTACCAGGTCCTCCAG CCCTCCATCCTCCAGACCG 112
W IFI CCT CT GTT CA AAGCCT GT CTGC GT GTCTT CCAT GCCAACCTTC 100
18S TTCGGAACTGAGGCCATGAT CGAACCTCCGACTTTCGTTCT 151
QRT-PCR, real-time quantitative reverse-transcriptase polymerase chain reaction.
addition to determining RNA purity by A26o:A28o ratios using UV 
spectroscopy.
Real-time quantitative reverse-transcriptase polymerase chain 
reaction (QRT-PCR)
QRT-PCR was used to determine the differentiation status of se­
rially passaged cells using primers designed, using the Primer Ex­
press software, for four common differentiation markers and the 
reference gene 18S rRNA. It was also used to validate microarray 
expression data by measuring the absolute expression levels of se­
lected interesting genes (Table 2). RNA from P4 cells used for mi­
croarray validation was extracted from separate flasks from that 
used for the microarray, effectively comparing biological replicates. 
All RNA was reverse transcribed into cDNA using Superscript III 
(Invitrogen Life Technologies) following the manufacturer’s pro­
tocol. Absolute quantification was carried out using standard 
curves covering at least five logs of amplicon copy number, gen­
erated by 10-fold serial dilution of target amplicon-containing 
plasmids (pGEM-T Annandale, Australia). Reactions were carried 
out using SYBR green (Applied Biosystems, Foster City, CA) in 
20 pi volumes using an ABI Prism 7000 Sequence Detection System 
(Applied Biosystems) and contained 2 pi of the cDNA dilutions, 
and 0.4 pM of each primer. PCR amplification followed a two-step 
cycling protocol, 10-min denaturation at 95°C, 40 cycles of 95°C for 
15 s, and 60°C for 1 min. Melting curve analysis was conducted to 
confirm specific amplicon amplification without genomic DNA 
contamination. Each cell sample and tissue sample reaction was 
performed in triplicate and standard curve points were performed 
in duplicate. Absolute copy number values calculated from stan­
dard curves were normalized to a calibrator cDNA sample (1 ng 
was used for RT-PCR) by calculating the ratio of the patient 18S Ct 
to that of the calibrator sample 18S Ct and expressed as molecules 
per ng cDNA.
Microarray cDNA synthesis, labeling, hybridization, scanning, and 
analysis
RNA from two fused suture tissues (Table 1) as well as P4 cells 
from the same tissue samples was analyzed using Affymetiix Hu­
man U133A 2.0 GeneChips. These microarrays contain probe sets 
covering 18,400 transcripts and variants, including 14,500 well- 
characterized human genes. Total RNA was prepared for hybrid­
ization to the GeneChips following a one-cycle target labeling 
protocol (Affymetrix GeneChip Expression Analysis Technical 
Manual, Santa Clara, CA). RNA was reverse transcribed into 
double-stranded cDNA using Superscript II (Invitrogen Life Tech­
nologies) with a T7 oligomer. Poly(A) RNA spike-in controls weie
added along with 2pg of tissue or cell total RNA to all cDNA 
reactions. cDNA was purified with the Affymetrix GeneChip Sam­
ple Cleanup Module. Biotin-labeled cRNA was prepared using the 
Affymetrix GeneChip IVT labeling system, with incubation at 37°C 
for 16 h. Unincorporated NTPs were removed using the Affymetrix 
cRNA Sample Cleanup Module and the concentration of cRNA 
was determined by UV spectroscopy. Unpurified cRNA was run on 
a 1.5% TBE agarose gel to verify cRNA integrity. 10 pg of frag­
mented cRNA was hybridized to each Affymetrix U133A 2.0 
GeneChip. Array hybridization, staining and washing were carried 
out following the manufacturer’s protocols using a Fluidics Station 
400 (Affymetrix). Arrays were scanned on a GeneChip Scanner 
3000 (Affymetrix). CEL intensity files were analyzed in R using 
Bioconductor packages (www.bioconductor.org). Quality control 
analyses were carried out following normalization using the probe 
level model (PLM) algorithm. Normalized unsealed standard error 
(NUSE) box plots, Mbox plots, and RNA degradation plots were 
analyzed (Bolstad, 2004) and indicated a high quality of microarray 
data. For statistical analyses, probe intensity data were normalized 
using the GCRMA algorithm (Wu et al., 2004). Log(2)-fold change 
versus average log(2) intensity (M  versus A) plots were generated for 
pair-wise whole genome expression comparisons. Genes differen­
tially expressed between fused tissues and P4 cells were identified 
using the Limma package, which used a linear modeling approach 
to the data and incorporated an empirical Bayes modification of the 
standard errors (Smyth, 2004). False discovery rate adjustment of 
p-values was performed using the Benjamini-Hochberg procedure 
(Benjamini and Hochberg, 1995). Gene ontology over-representa- 
tion was analyzed using the GOTree Machine (GOTM) (http:// 
bioinfo.vanderbilt.edu/gotm/) normalized to the U133A2.0 gene set 
(Zhang et ah, 2004). Gene Set Enrichment Analysis (GSEA: http:// 
www.broad.mit.edu/cancer/software/gsea) was used to compare 
probe lists ranked on level of differential expression with gene sets 
cl-c4 (v2.symbols.gmt) (Subramanian et ah, 2005). Gene set ex­
clusion was set at minimum = 4, maximum = 500, with 1,000 
weighted permutations executed.
Results and discussion
To create a population of de-differentiated cells, we 
conducted explant culture o f sections of prematurely 
fused suture tissue. Cells were cultured under minimal 
medium conditions, which have been shown previously 
to produce a population mostly composed of cells char­
acteristic o f preosteoblasts (de Pollack et ah, 1997), and 
were passaged four times (P4) to ensure that any resid­
ual tissue-related expression proposed to exist in PO and
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PI cells was lost. Cells from a later passage were not 
used as it has been shown tha t bone cells after passage 6 
show a loss o f osteoblastic properties, measured as a 
responsiveness to  osteoinductive factors (M arie et ah, 
1989). Previously, P4 hum an and ra t calvarial cells have 
been observed to reinitiate expression o f osteoblastic 
markers and mineralize under differentiating condi­
tions, indicating no loss o f  osteoblastic potential (Owen 
etal., 1990; R atisoon to rn  et al., 2005). We validated our 
novel in vivo-in vitro approach by showing that similar 
patterns o f  differential gene expression are seen for an 
in vivo-in vivo com parison between unfused and pre­
maturely fused suture tissues. We also show that de- 
differentiation is achieved from PI.
Verification o f explant cell de-differentiation
The basis o f  our experimental approach was the identi­
fication o f differential expression between an undifferen­
tiated population o f cells that were “de-differentiated” by 
culture in minimal medium and the differentiated tissue 
from which they were isolated. To verify de-differentia- 
tion, we analyzed the expression o f four common osteo­
blast differentiation markers. Collagen type 1 alpha 1 
(COL1A1) is an early m arker of osteoprogenitor cells; 
alkaline phosphatase {ALP) is a m arker o f osteoprogen- 
itors/preosteoblasts and has maximal expression during 
matrix m aturation; bone sialoprotein {BSP) is expressed 
transiently early in osteoprogenitors and then up-regu­
lated in mineralizing osteoblasts; and O C is expressed by 
mature mineralizing osteoblasts (Liu et al., 2003). Figure 
1 shows that over successive passages in minimal medi­
um, cells isolated from fused sutures show only a slight 
decrease in gene expression o f the early osteoblastic 
markers, while there is a dram atic 1,000-fold decrease in 
BSP and OC expression a t P0 and a further decrease at 
PI that is m aintained through to P3. The decrease in 
BSP and OC expression suggests that the cells were 
equivalent to undifferentiated osteoblasts, such as osteo­
progenitors or preosteoblasts.
It is possible th a t such an expression pattern  may also 
indicate the considerable selection o f fibroblasts in cul-
Fig. 1 De-differentiation was observed in serially passaged fused 
suture cells grown in minimal medium. QRT-PCR expression of 
mature (B S P  and O C ), but not immature (C O  L I  A 1 and A L P ) ,  
osteoblast markers dramatically decreased after explant culture 
(P0-P3) compared with in  v ivo  tissue expression. Absolute expres­
sion values represent molecules per ng cDNA. Error bars represent 
triplicate QRT-PCR analyses for patient #58 fused sagittal samples. 
B S P , hone s ia lo p ro te in ', O C , osteocalc in ', C O L 1 A 1 , co llagen  typ e  1 
a lpha  P, A L P ,  a lk a lin e  phosphatase; QRT-PCR, real-time quanti­
tative reverse-transcriptase polymerase chain reaction.
ture that do express COL1A1 and ALP, but not BSP or 
OC. To further confirm the selection o f osteoblastic 
rather than fibroblastic cells, P4 cells were grown in 
osteogenic medium and analyzed for the form ation o f a 
bone-like matrix. After 16 days, cells had formed a col­
lagenous mineralized m atrix (Fig. 2A), a specific func­
tion o f osteoblasts but not fibroblasts (Ecarot-Charrier 
et al., 1983; Nefussi et al., 1985), while cells grown in 
minimal medium remained unmineralized (Fig. 2B). 
Furtherm ore, cells grown in osteogenic medium exhib­
ited a significant increase in ALP, BSP, and OC ex­
pression and no change in CO LI A 1 expression 
com pared with cells grown in minimal medium 
(Fig. 2C). This confirmed the selection o f a cell popu­
lation made up predom inantly o f preosteoblastic rather 
than fibroblastic cells.
M icroarray analysis o f genes differentially regulated in 
prem aturely fused suture tissue
Pairwise com parisons o f fold change {M) to average 
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Fig. 2 Cultured suture cells are osteoblastic. (A) 
Passage 4 cells grown in osteogenic medium for 
16 days stain positive for the formation of a 
collagenous matrix (van Gieson stain, pink/or­
ange) and form mineralized bone nodules (von 
Kossa stain, black) indicative of osteoblastic 
cells. (B) Cells grown in minimal medium do not 
form a collagenous mineralized matrix. (C) 
Cells grown in osteogenic medium have signifi­
cantly (*, p<0.05) increased expression of 
osteoblastic markers A L P ,  B S P , and O C , com­
pared with those in minimal medium, indicating 
that cells are differentiating into mature miner­
alized osteoblasts. Absolute expression values 
represent molecules per ng cDNA. B S P , bone  
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Fig. 3 M  versus A  p lo ts  fo r  each 
c o m b in a t io n  o f  tissue o r  c u ltu re d  
ce lls  f ro m  s a g itta l o r  c o ro n a l su­
tu res  w he re  M  fo r  each gene is the  
l° g ( 2) - fo ld  change  ( in te n s ity  ra t io )  
be tw een  th e  tw o  sam ples  a nd  A  is 
the  m ean  lo g (2) in te n s ity  o f  the  tw o  
sam ples. In  a ll cases, gene d a ta - 
p o in ts  c o n c e n tra te  a ro u n d  M  =  0 
fo r  a ll A ,  in d ic a t in g  n o  sys te m a tic  
d iffe rences  betw een  the  a rrays . 
H o w e v e r, w h ile  d a ta -p o in ts  in  t is ­
sue—tissue a n d  c e ll-c e ll c o m p a r i­
sons c lu s te r t ig h t ly  a ro u n d  M  =  0, 
m a n y  m o re  genes are d if fe re n t ia l ly  
expressed in  tissue-ce ll c o m p a r i­
sons (la rg e  p o s it iv e  o r  neg a tive  M  
va lues). F , fused ; C , c o ro n a l; 
S, s a g itta l; 42 a nd  50, p a t ie n t ID s .
A
in M  versus A  p lo ts  (Fig. 3). T he two tissue sam ples 
show ed the  least v a ria tio n  in gene expression, follow ed 
by the tw o cell sam ples. T his indicates th a t there was 
little v a ria tio n  in gene expression betw een patien ts and 
in cu ltu re  cond itio n s. Im p o rtan tly , there were extensive 
differences in expression  between tissue sam ples and 
the ir co rresp o n d in g  de-d ifferen tiated  cells. D ifferential 
expression  analysis o f  average fused tissue versus aver­
age P4 cell in tensity  identified 1,407 p ro b e  sets show ing 
significantly  (p < 0 .0 5 )  different expression. O f these, 
508 w ere > 1 0-fold , 235 were > 1 00-fold, and  22 were 
> 1 ,000-fold  d ifferentia lly  expressed.
A lth o u g h  ca lvaria l su tu res are com posed m ostly  o f 
o steob lastic  cells, they also  include hem atopo ietic  cells, 
endo thelia l cells, osteoclasts , fibroblasts, and  a d ­
ipocytes. T h u s, differentially  expressed genes will no t 
solely be involved  in osteob lastic  differentiation  b u t will 
also inc lude those  involved in su tu re  m orphogenesis 
m ore  generally . D u rin g  su tu re  m orphogenesis, cell-cell 
in te rac tions betw een the different cell types are fu n d a­
m en ta l to  the co rrec t co n tro l o f  su tu re  m orphogenesis 
(O p p erm an , 2000; O gle et al., 2004). F o r  exam ple, 
o steob lasts  a re  know n  to excrete angiogenic factors to  
p ro m o te  vascu la riza tion  w ith in  the su tu re  due to  the 
high oxygen req u irem en t o f  the tissue, and  angiogenic 
cy tok ines have been suggested as im p o rta n t contro llers 
o f  su tu re  fusion  (Song et al., 2004; K acena et al., 
2006a), w hile m egakaryocy tes w ith in  bone are know n to 
excrete osteogen ic  fac to rs  and  inh ib it osteoclastogenesis 
(K acen a  an d  H o ro w itz , 2006; K acena et al., 2006b). 
M oreover, the d u ra  m a te r th a t underlies the su ture ex­
cretes so lub le fac to rs  in to  the su tu re  region to  con ti ol 
su tu re  p a ten cy  a n d /o r  fusion (O pperm an et al., 1995, 
Bradley et al., 1997; Levine et al., 1998). T hus, one o f
the significant advan tages o f  ou r ap p ro ach  is th a t we 
are com paring  expression betw een a cellular m onolayer 
cu ltu re w ith  th a t o f  a tissue com plex. C onsequently , 
genes will be identified th a t are involved in a variety  o f 
processes w ithin the tissues th a t are contro lled  by 
d ifferent cell types th a t are fundam en tal to  su tu re  m o r­
phogenesis an d  po ten tia lly  in itia ting  su tu re  fusion. The 
s ta rk  co n tra s t between these two sam ple types is likely to 
enhance the ability  to  identify  differential gene expres­
sion p a tte rn s  in d istinction  to  a com parison  between two 
com plex tissues com prised  o f  cells o f  varying degrees o f 
differentiation . T h ro u g h  a th o ro u g h  analysis o f the bi­
ological functions o f  the differentially expressed genes, 
the likely cell types expressing those genes and  the p ro ­
cesses they are involved in can be inferred, leading to  a 
m ore com prehensive understand ing  o f  the regulation  o f  
hum an  su ture fusion. F u rthe rm ore , the com parison  be­
tw een in  v itro  an d  in  vivo expression will identify genes 
th a t are de-regulated  w hen cells are grow n in a m o n o ­
layer com pared  w ith w hen in the three-dim ensional a r ­
chitecture o f  the in  vivo E C M . T hus, this com parison  has 
the p o ten tia l to  identify  gene p roducts th a t can  be used 
as g row th m edium  supplem ents to  induce in  vivo-like 
expression/differentiation  in an in  v itro  situation .
T o  evaluate th a t functional significance o f  the large 
num ber o f  identified differentially  expressed genes, gene 
on to logy  (G O ) over-rep resen ta tion  analysis was carried 
o u t fo r the top  200 up-regu lated  and  200 dow n-regu­
lated  p ro b e  sets. O ver-represen ted  biological functions 
included skeletal developm ent, tissue rem odeling, 
hem opoietic developm ent, vascu lar developm ent, cell 
d ifferentiation , and  p ro life ra tio n  (Table 3). These are all 
processes regulated  du ring  su tu re  m orphogenesis and 
su p p o rt the relevance o f  the identified genes. These
537
Table 3 Biological processes significantly over-represented 
(p<0.01) in the top 200 up- and 200 down-regulated probe sets 
between prematurely fused sutures relative to de-differentiated cells, 
and the number of genes associated with each process





Cell adhesion 17 19
Cell differentiation 13 12
Cell motility 11 9
Development
Morphogenesis 9 16
Skeletal development 7 5
Ossification 4 2
Vasculature development 1 5
Hemopoietic development 11 1
Physiological process
Cell death 10 15
Cell proliferation 9 15
Tissue remodeling 4 2
Immune response 55 10
biological processes also  ind icate the likely cell types 
within the  su tu re  expressing  these genes. In terestingly , a 
num ber o f  genes typically  associa ted  w ith an im m une 
response w ere also  significantly  over-represen ted . Som e 
of these (CD36, CD37, CD44, CD48, CD53, CD 163, 
and CXCR4) have been identified previously  in m ouse 
calvaría p rim a ry  o steob lasts  in vitro (R o m an -R o m an  
et ah, 2003). T h e  expression  o f  im m une genes m ay rep­
resent o steoclastogenesis  an d  the highly vascu lar n a tu re  
of su tu re  tissue. H ow ever, it is also possible th a t an 
immune response p lays a  functional role during  su ture 
fusion, as it has  been suggested previously th a t sub­
populations o f  o steob lasts  iso lated  from  hum an 
mandibles m ay have im m une functions in bone 
(Reyes-Botella e t ah , 2000).
To fu rth e r  clarify  the  b io logical significance o f  the 
most d ifferen tia lly  expressed genes, G ene Set E n rich ­
ment A nalysis (G S E A ) was conducted . A  ranked  list 
of the sam e p ro b e  sets analyzed by G O T M  was com ­
pared w ith  the fo u r collections o f  gene sets w ithin 
the M SigD B  ca ta logue: cy togenetic , functional, regula- 
tory-m otifs, a n d  expression  ne ighborhoods. G ene sets 
that significantly  co rre la ted  w ith  genes w ith increased 
expression in  de-d ifferen tiated  cells included genes 
up-regulated in stem  cells, genes dow n-regulated  in 
fibroblasts up o n  serum  exposure , genes regulated  by the 
transcrip tion  fac to rs , se rum -response fac to r (SR F) 
and Y in Y ang  1 (Y Y 1), genes up-regu lated  by T G F -P  
and TN F-ot, an d  genes th a t are dow n-regulated  by 
cytom egalovirus in fec tion  (supp lem entary  Fig. SI A). 
The fo rm er gene sets verify the p rogen ito r-like  natu re  
of the de-d ifferen tia ted  cells an d  the ir rem oval from  
the highly v ascu la r in vivo env ironm en t, while the la tte r 
gene set reflects the low er expression o f  genes involved 
in an im m une response in the de-differentiated
cells. C onversely, im m une response-activated  gene 
sets were the m ost significantly co rre la ted  to  those 
genes w ith increased expression in the fused su ture 
tissues (supp lem entary  Fig. S IB ). This included genes 
up-regulated  in den ta l caries, genes expressed during  
viral clearance, du ring  neu troph il d ifferen tia tion , and 
during  T-cell d iffe ren tia tion  an d  activation . Leading 
edge analysis o f  these highly co rre la ted  gene sets iden­
tified tw o subsets o f  genes th a t were shared  between 
gene sets (supp lem entary  Fig. S IC ). T he first was 
between gene sets linked to  an  infection  pheno type 
an d  the second to  neu troph il an d  lym phocyte differen­
tia tion . These resu lts fu rth e r  h ighlight a po ten tia l link 
betw een p rem a tu re  su tu re  fusion and  im m une response 
activation .
M icroarray  d a ta  were then investigated a t the gene 
level. A  selection o f  genes w ith  the greatest differential 
expression is show n in T able 4. The gene showing the 
highest level o f  differential expression was defensin alpha 1 
(.DEFA1, 6,982-fold higher in fused tissue). It is involved 
in im m une response and epithelial w ound closure through 
increased cell m igration  (A arb iou  et al., 2004). G iven this 
function, we speculate th a t it m ay also play a role in 
p rem ature suture closure. A no ther im m une response gene 
with higher expression in fused suture tissue was CD24 
(233-fold). In epithelial cells, dow n-regulation o f  CD24 is 
associated w ith up-regulation o f  TW IST 1 and TGFB3 
(Ye et ah, 2006). Both o f  these genes are expressed in 
suture m esenchym e and their expression inhibits osteo­
blast differentiation and m aintains suture patency (R oth  
et ah, 1997; Rice et ah, 2000; O pperm an et ah, 2002b; 
Bialek et ah, 2004). CD 24 could therefore play a role in 
m odulating  expression o f  genes th a t regulate osteoblast 
differentiation and suture m orphogenesis. CD 24 is also a 
negative regulator o f  cell m igration and  signaling via 
the chem okine receptor C X C R 4 (Schabath et ah, 2006), 
which we found to  have higher expression in de­
differentiated cells com pared  w ith fused suture tissue 
(741-fold). T here were also a large num ber o f  hem oglobin 
genes with higher expression in fused suture tissue, con­
sistent w ith the vascularity  o f  the tissue com pared with 
the m onolayer culture, fu rther validating the m icroarray  
results.
A  num ber o f  osteogenic genes were also highly 
differentially  expressed betw een fused su tu re  tissue 
an d  de-d ifferentiated  cells (Table 4). Osteomodulin 
(OMD , 557-fold h igher in fused tissue) is a sm all 
leucine rich -repea t p ro teog lycan  (SL R P ) th a t can 
be induced by B M P2 an d  is an  early  m ark er fo r te rm i­
nally  d ifferentiated  osteob lasts  (R ehn  et ah , 2006). 
WNT inhibitory factor I (WIFI, 239-fold higher in 
fused tissue) w as recently  found  to  be essential in 
con tro lling  term inal d ifferen tia tion  in cu ltu red  m urine 
cran ial o steob lasts by inh ib iting  canon ical W nt signal­
ing (Vaes et ah , 2005). F u rth e rm o re , in an  in vivo 
analysis WIFI was increased in m ouse parie ta l bone 
in com parison  w ith  su tu re  m esenchym e (C ho et ah,










DEFA1 205033 s at M26602 Defensin a  1, myeloid-related sequence 6982.12
HBB 217232 X at NM 000518 Hemoglobin f 6252.06
HBA1 214414 X at NM 000517 Hemoglobin c<l 5823.21
S100A8 202917 s at NM 002964 SI00 calcium binding protein A8 (calgranulin A) 4913.00
BGLAP 206956 at NM 007541.1 Bone y-carboxyglutamate (gla) protein (osteocalcin) 3713.07
HBG2 213515 X at NM 000184 Hemoglobin yG 1437.39
PRG2 211743 s at NM 002728 Proteoglycan 2, bone marrow (natural killer cell activator) 1151.94
IBSP 207370 at L20232.1 Integrin-binding sialoprotein (bone sialoprotein) 851.58
FABP4 203980 at NM 001442 Fatty acid binding protein 4, adipocyte 599.28
DSP 200606 at NM 004415 Desmoplakin -  594.02
DMPI 208175 s at NM 004407 Dentin matrix acidic phosphoprotein 585.31
OMD 205907 s at NM 005014 Osteomodulin 556.88
MNDA 204959 at NM 002432 Myeloid cell nuclear differentiation antigen 505.00
CYBB 203923 s at NM 000397 Cytochrome b-245, f  polypeptide 347.42
PTPRZ1 204469 at NM 002851 Protein tyrosine phosphatase, receptor-type, Z polypeptide 1 275.72
MFAP5 209758 s at NM 003480 Microfibrillar associated protein 5 -263.39
PTPRC 212588 at NM 002838 Protein tyrosine phosphatase, receptor type, C 247.75
W IFI 204712 at NM 007191 WNT inhibitory factor 1 239.36
OLFM4 212768_s_at NM 006418 Olfactomedin 4 234.51
CD24 266 s at BC007674 CD24 antigen (small cell lung carcinoma cluster 4 antigen) 233.79
MS4A3 210254 at NM 006138 Membrane-spanning 4-domains, subfamily A, member 3 230.97
CRISP3 207802 at NM 006061 Cysteine-rich secretory protein 3 200.44
LCP1 208885_at NM 002298 Lymphocyte cytosolic protein 1 (L-plastin) 187.84
ALOX5 204446 s at NM 000698 Arachidonate 5-lipoxygenase 180.56
FGFR3 204379 s at BB732903 Fibroblast growth factor receptor 3 169.69
CAI 205950 s at BC027890 Carbonic anhydrase I 154.70
LEF1 221558 s at NM 016269 Lymphoid enhancer-binding factor 1 153.26
DPT 213071 at NM 001937 Dermatopontin 145.50
FCN1 205237 at NM 002003 Ficolin (collagen/fibrinogen domain containing) 1 137.55
CEACAM6 211657 at NM 002483 Carcinoembryonic antigen-related cell adhesion molecule 6 136.31
SPOCK 202363 at NM 004598 Sparc/osteonectin, cwcv and kazal-like domains proteoglycan -  128.84
MMP8 207329 at NM 002424 Matrix metalloproteinase 8 (neutrophil collagenase) 117.42
NQOl 201467 s at BC007659 NAD(P)H dehydrogenase, quinone 1 -  113.61
IGL2 215121 X at AA680302 Immunoglobulin lambda constant 2 92.18
ARGI 206177 s at NM 000045 Arginase, liver 90.24
SORL1 212560 at NM 003105 Sortilin-related receptor, L(DLR class) A repeats-containing 90.19
IRF4 204562 at NM 00246 Interferon regulatory factor 4 81.13
RGS1 216834 at NM 002922 Regulator of G-protein signalling 1 72.92
GCA 203765 at NM 012198 Grancalcin, EF-hand calcium binding protein 72.33
RAG1 206591 at NM 000448 Recombination activating gene 1 68.07
SATB2 215591 at AK025127 SATB family member 2 63.86
RNASE6 213566 at NM 005615 Ribonuclease, RNase A family, k6 61.76
IQGAP2 203474 at NM 006633 IQ motif containing GTPase activating protein 2 61.57
ARHGAP15 218870 at NM 018460 Rho GTPase activating protein 15 58.03
ALAS2 211560 s at NM 000032 Aminolevulinate, delta-, synthase 2 53.73
STC2 203439 s at NM 003714 Stanniocalcin 2 -51 .69
IGSF3 202421 at NM 001542 Immunoglobulin superfamily, member 3 48.91
CD163 203645_s_at NM 004244 CD 163 antigen 47.51
MS4A4A 219607 s at NM 024021 Membrane-spanning 4-domains, subfamily A, member 4 45.40
GARP 203835_at NM 005512 Leucine-rich repeat containing 32 — 36.84
2006). Our results are in line with these studies and 
we thus suggest that WIFI is involved in late-stage 
osteoblast differentiation in human calvarial sutures. 
We also identified up-regulation of MMP13 (733-fold), 
MMP9 (390-fold), DMPI (585-fold), and PTPRZ1 
(276-fold) in mineralized tissues, which is also con­
sistent with the aforementioned in vivo mouse study 
(Cho et ah, 2006). Therefore, our in vivo-in vitro 
approach successfully identifies genes involved in an 
in vivo differentiated phenotype.
Significant changes in the expression of additional 
genes in the Wnt signaling pathway were also noted in 
prematurely fused sutures (Tables 4 and 5). Canonical 
Wnt signaling stimulates osteogenesis through multiple 
mechanisms (for a review, see Krishnan et ah, 2006) 
whereas non-canonical signaling seems to be linked to 
prolonged survival of cells via inhibition of apoptosis 
(Almeida et ah, 2005). Decreased expression of canon­
ical signaling gene WISP2 (25-fold) and non-canonical 
signaling genes WNT5A (20-fold) and frizzled 2
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Table 5 Expression of bone related genes in tissue versus de-differ- 
entiated cells
Gene name Accession No. Fold change
Up Down
(1) Bone differentiation markers 
Collagen type 1 NM_000088 2.08
Alkaline phosphatase NM 000478 2.12
Bone sialoprotein L20232.1 851.58
Osteopontin NM 009263.1 2226.25
Osteocalcin NM 007541.1 3713.07
Osteonectin NM 003118 1.68
(2) Transcription factors
DLX5 NM 010056 6.91
DLX6 AF022078.1 1.01
MSX1 BC016426.1 2.34
MSX2 NM 013601.1 8.13
RUNX2 D14636.1 1.06
TWIST NM 011658.1 1.26
(3) Bone signaling genes
ß-Catenin BI134907 1.33
BMP2 AV239587 20.88
BMP4 NM 001202 1.20
BMP7 NM 001719 1.08
DKK I NM  010051.1 2.43
DKK2 NM 020265.1 1.04
DKK3 NM 015881 4.55
EGFR NM 005228 16.04
FGF2 NM 002006 59.43
FGF4 NM 002007 1.02
FGF7 NM 008008 15.12
FGFR1 M33760.1 6.04
FGFR2 NM 010207 7.71
FGFR3 BB732903 169.69
FZD2 NM 020510.1 32.91
IHH BC034757 1.01
LEF1 NM  016269 153.26
LRP5 NM 002335 1.28
OGN NM 014057 83.61
OMD NM 005014 556.88
PTHR1 BC031578 69.01
TGFB1 NM 011577.1 1.28
TGFB2 NM  003238 1.58
TGFB3 NM 003239 1.34
TGFBR1 NM 004612 2.71
TGFBR2 NM 001024847 3.27
WNT2 BC026373.1 1.01
WNT5A NM  003392 23.65
WISP2 NM 003881 26.94
WIFI NM 007191 239.36
(4) Bone remodeling genes
MEPE NM 020203 388.24
MMP8 NM  002424 117.42
MMP9 NM 004994 389.95
MMP13 NM 002427 733.34
(5) Apoptosis-related genes
CASPI NM 033292 21.27
PAWR NM 002583 10.28
PERP NM 022121 24.27
BID NM 001196 1.14
GAS6 NM 000820 6.06
TNF NM 000594 1.01
(6) Cell Cycle-related genes
PCNA NM 002592 2.72





TP53 NM 000546 2.55
(30-fold) point to decreased activity of both Wnt 
signaling pathways in fused sutures. This is consistent 
with the observed increased expression of WIFI. Our 
in vivo-in vitro observations confirm the recent identi­
fication of the down-regulation of Wnt signaling genes 
by FGFR2 mutations causal for craniosynostosis 
in transgenic mouse osteoblastic cells (Mansukhani 
et ah, 2005).
However, the canonical Wnt/P-catenin signaling 
transcription factor Lymphiod enhancer-binding factor 
1 (LEF1, 153-fold) was also identified to be up-regulat­
ed in differentiated calvarial tissue. This transcription 
factor binds the transcriptional coactivator (3-catenin 
within the nucleus to form the penultimate downstream 
mediator of the Wnt signaling pathway (Novak and 
Dedhar, 1999), one role of which is to promote osteo­
blast differentiation (Bain et al., 2003). Recently, it has 
been found that Lefl is down-regulated in developing 
bones of embryonic Runx2 homozygous null mice in 
which osteoblasts fail to differentiate (James et al., 
2006) as Runx2 is an activator of osteoblast differen­
tiation (Ducy et al., 1997). Thus, LEF1 may be involved 
in inducing osteoblast differentiation in human calvarial 
sutures via either canonical Wnt signaling-mediated or 
RUNX2-mediated mechanisms.
The nuclear matrix protein SATB family member 2 
(SATB2) has recently been shown to act as a molecular 
node in a transcriptional network regulating skeletal 
development and osteoblast differentiation (Dobreva 
et al., 2006). We identified a 62-fold up-regulation of 
SATB2 in prematurely fused calvarial suture tissue 
compared with de-differentiated cells. This is consistent 
with the study by Cho et al. (2006), which identified an 
increased expression of Satb2 in mouse parietal bones 
compared with suture mesenchyme. SATB2 directly in­
teracts with, and enhances, the activity of Runx2 to 
promote osteoblast differentiation (Dobreva et al.,
2006). However, its expression may also be partly con­
trolled via RUNX2 as calvarial bones of Runx2~'~  
mice have decreased Satb2 expression (Vaes et al.,
2006). Individuals with a translocation at 2q32-q33 
that interrupts the SATB2 gene develop a cleft palate 
(Fitzpatrick et al., 2003). Satb2 haploinsufficient mice 
develop a cleft palate and abnormalities in jaw forma­
tion (Britanova et al., 2006). Together with these 
observations, the identification of increased SATB2 ex­
pression in human calvarial tissue suggests a funda­
mental role for this protein in human suture 
morphogenesis and potentially premature suture fusion.
Retinoic acid (RA) is a known craniosynostosis- 
causing teratogen (Yip et al., 1980; Morriss-Kay, 1993). 
We identified up-regulation of the retinoic acid receptor 
responder (tazarotene induced) 1 gene (RARRES1, 51- 
fold; Table 5) in prematurely fused suture calvarial tissue. 
RA stimulates differentiation of murine osteoprogenitor 
cells and inhibits proliferation (Nagasawa et al., 2005; 













for biological replicates by QRT-PCR, with the greatest fold change difference between the two platforms being 0.3. F, fused; C, coronal 
S, sagittal; 42 and 50, patient IDs; QRT-PCR, real-time quantitative reverse-transcriptase polymerase chain reaction.
Fig. 4 Microarray validation 
by QRT-PCR. Expression 
values for five genes were 
analyzed in P4 cells isolated 
from two fused suture tissue 
samples (FC42 and FS50). 
Two biological replicates of 
P4 cells were isolated from 
each tissue sample: one was 
analyzed by QRT-PCR and 
one by microarray. Fold 
change was calculated sepa­
rately for each analysis tech­
nique as a ratio of patient 
sample expression to com­
bined-patient sample mean 
expression for each gene. 
Fold change estimates from 
microarray data were com­
parable with that estimated
protein that is up-regulated by retinoic acid receptor 
signaling (Nagpal et al., 1996). Thus, the observation of 
increased expression of the RA responder gene 
RARRES1 within prematurely fused sutures suggests 
a mechanism that facilitates an increased rate of differ­
entiation of calvarial suture osteoblastic cells resulting 
in premature suture fusion.
Among those genes differentially expressed were also 
a large number of those genes known to be fundamental 
to the processes of suture morphogenesis and/or osteo­
genesis (Table 5). This further verifies the ability of our 
in vitro-in vivo approach to identify genes involved in 
the in vivo process of suture fusion and morphogenesis. 
There was a dramatic up-regulation of markers of ma­
ture osteoblasts (OC, 3,713-fold; OP, 2,226-fold; and 
BSP, 852-fold), and only a 2-fold change in expression 
of osteoblast progenitor markers (COL1A1 and ALP) 
in the tissue, confirming the results in Figure 1. Inter­
estingly, while there was a dramatic increase in OC ex­
pression, there was no difference in the expression of 
RUNX2, a primary transcription factor of OC (Ducy 
et al., 1997). This may be explained by the fact that 
MSX2, an antagonist of RUNX2, is down-regulated in 
the tissue and an agonist, DLX5, was up-regulated 
(Shirakabe et al., 2001), thus potentiating the effect of 
RUNX2 on transcriptional activation of OC. It is 
therefore possible that OC expression is controlled 
through the regulation of expression of RUNX2 mod­
ifiers, rather than directly through the regulation of 
RUNX2 expression. The functional activation of RUNX2 
is also supported through our observation of increased 
expression of OMD and osteoglycin (84-fold), two 
SLPRs that share a RUNX2-binding domain (Tasheva 
et al., 2004).
Fibroblast growth factor 2 (FGF2) was decreased 60- 
fold in prematurely fused sutures (Table 5). FGF2 
stimulates the differentiation of osteogenic precursors 
but inhibits the expression of a mature osteogenic phe­
notype by down-regulating ALP, COL1A1, and OP and 
blocking mineralization in less mature cells (Debiais 
et al., 1998; Kalajzic et al., 2003; Fakhry et al., 2005). 
This suggests that FGF2 is down-regulated in the fused 
suture tissue to allow late-stage osteoblast differentia­
tion. However, FGF2 has also been shown to stimulate 
its own expression abnormally in vitro (Hurley et al., 
1994). This in vitro phenomenon could therefore con­
tribute to the relatively large up-regulation seen in the 
cultured cells compared with fused suture tissue.
Among those genes expressed in suture mesenchyme 
(for review, see Rice, 2005), MSX2 was down-regulated 
8-fold in fused tissue, while TWIST1 was unaffected 
(Table 5). Conversely, FGFR1 and DLX5, which are 
expressed in osteogenic fronts, were correspondingly 
up-regulated in fused sutures. Interestingly, FGFR3 was 
170-fold up-regulated in prematurely fused sutures but 
has been identified previously to be only weakly ex­
pressed in developing mouse osteogenic fronts (for a 
review, see Morriss-Kay and Wilkie, 2005). This may 
indicate a more important role for FGFR3 in human 
postnatal development or a greater modulation of this 
gene in vitro compared with the other FGFRs.
Differential expression between the two de-differen- 
tiated cell samples was also assessed. It was noted that 
all genes with > 4-fold differential expression between 
the two patients’ cells were not significantly differen­
tially expressed in the averaged tissue-cell comparison 
(supplementary Fig. S2). This suggests that there may 
be some intrinsic expression in each cell population that 
is not equally affected by cell culture. These differences 
may reflect the fact that cells were isolated from indi­
viduals with different etiologies of craniosynostosis and 
that they are from coronal and sagittal sutures. Impor­
tantly, however, it shows that only a small portion of 
genes are differentially expressed between the cell sam­
ples and that the vast majority of genes are modulated 
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F ig . 5 QRT-PCR absolute expression 
values for (A )  W IF I  and (B) F G F 2  in 
fused and unfused suture tissue and cor­
responding de-differentiated cells (P0-P4) 
from patient #58. The same pattern of 
differential expression exists between 
fused and unfused suture tissue as is seen 
between fused suture tissue and de-differ- 
entiated cells. However, this same pattern 
of differential expression is only observed 
between cultured fused and unfused su­
ture cells for one gene, W IF I ,  at P0. After 
P0, limited difference in the expression of 
W I F I  or F G F 2  is observed between de­
differentiated cells from fused and un­
fused sutures. Absolute expression values 
represent molecules per ng cDNA. W IF I ,  
W N T  in h ib ito ry  fa c to r  1; F G F 2 , f ib ro b la s t  
g ro w th  fa c to r  2\ QRT-PCR, real-time 
quantitative reverse-transcriptase poly­
merase chain reaction.
samples of different etiologies. Thus, the utilization of 
samples of both syndromic and non-syndromic etiolo­
gies has identified genes commonly involved in both 
forms of the developmental abnormality.
Microarray validation
Microarray expression data were validated for five 
genes with known roles in suture morphogenesis: FGF2, 
TWIST1, MSX2, FGFR1, and DLX5, using absolute 
QRT-PCR. Biologically replicated P4 cell samples iso­
lated from the same two tissues, but from flasks differ­
ent from that used for the microarray experiments, were 
used for real-time validation experiments. No obvious 
fold change differences were identified between micro­
array and QRT-PCR expression estimates for any gene 
for either patient sample analyzed (Fig. 4).
Validation o f  comparative approach
To confirm the ability of our in vivo-in vitro approach 
to identify genes involved in suture morphogenesis and 
osteoblastic differentiation, we hypothesized that genes 
identified as being up- or down-regulated in fused su­
tures relative to P4 cells should be similarly regulated 
relative to an unfused suture. It was expected, however, 
that differences should not be as large because the col­
lected unfused suture tissue contains a mixture of both 
proliferating and differentiating cells. Accordingly, we 
chose WIFI (up-regulated) and FGF2 (down-regulated) 
to analyze in unfused and prematurely fused suture tis­
sue. As expected, both genes were shown to exhibit 
similar, but less dramatic differential expression pat­
terns when compared with unfused sutures (Fig. 5). 
WIFI had a 2.7-fold increased expression in fused 
compared with unfused suture tissues, while FGF2 had 
4.8-fold decreased expression in fused compared with 
unfused suture tissues.
The analysis of serially passaged cells from both 
tissue types also shows that both genes have a signifi­
cantly large modulation in expression during culturing 
in minimal medium compared with their expression 
in vivo (Fig. 5). Furthermore, there is limited difference 
in gene expression between cultured cells from both 
fused and unfused suture tissues following P0. This 
suggests that immediately after first passage, most tis­
sue-specific expression is lost and that essentially from 
PI an in vhro-specific level of expression is reached 
irrespective of the differentiation status of the tissue 
cultured. This phenomenon is further emphasized by 
the significant up-regulation of FGF2 to the same extent 
in both cell populations immediately upon explantation 
(P0). This dramatic loss of in vivo expression immedi­
ately following explantation supports the hypothesis 
by Owen et al. (1990) that removal of cells from their
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in vivo synthesized 3D ECM results in de-differentiation 
and subsequent reinitiation of the developmental se­
quence is only activated once cells are re-exposed to 
osteoinductive factors. There appear to be specific sig­
nals within the tissue microenvironment that sustain the 
differentiated state of cells. As such, the products of 
genes that have decreased expression in de-differentiat- 
ed cells compared with fused suture tissue are potential 
supplements that could be added to growth media to 
induce in vzvo-like differentiation in vitro. One such gene 
product that is commonly used to induce osteoblastic 
differentiation in vitro is BMP2. This gene had a 21-fold 
decreased expression in de-differentiated cells, suggest­
ing that it may be an appropriate in vitro inducer of in 
vivo-like differentiation. Additionally, strategies to re­
duce the significantly increased expression of FGF2 
within cultured cells may help to eliminate the inhibiting 
effects that FGF2 has on late-stage osteoblast differen­
tiation (Fakhry et al., 2005). This may be achieved by 
the use of serum-free media rather than using growth 
media supplemented with fetal bovine serum, as is 
common practice. Thus, this microarray study has iden­
tified genes that may be involved in inducing premature 
fusion of human sutures, as well as gene products that 
are potential supplements to induce in vzvo-like osteob­
lastic differentiation in vitro.
In conclusion, we have shown that immediately fol­
lowing explant culture, cells isolated from both unfused 
and prematurely fused suture tissue de-differentiate, 
losing the majority of in vz'vo-related gene expression, 
and after passage in minimal media, adopt a similar 
stable in v/tro-specific expression profile irrespective of 
the fused-unfused state of the explant suture. More­
over, using microarrays, we have shown that a com­
parison of in vivo expression of prematurely fused 
cranial sutures with in vitro expression of de-differen­
tiated explant cell populations from the same tissues 
successfully identifies a large number of genes com­
monly associated with osteoblast differentiation and 
suture morphogenesis. Furthermore, using this in vivo-  
in vitro approach, we have identified a number of genes 
previously unknown to be involved in human suture 
morphogenesis. This includes a number of Wnt signal­
ing genes, one of which, WIFI, was confirmed to be up- 
regulated in prematurely fused human suture tissue 
compared with unfused suture tissue. The novelty of 
this in vivo-in vitro approach is that genes can be iden­
tified using cell culture that are directly implicated in the 
in vivo process of cellular differentiation and tissue mo­
rphogenesis. By using a de-differentiated cell population 
and comparing it with a heterogeneous tissue, genes 
involved in multiple processes of in vivo differentiation 
can be identified.
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Abstract _________________________________________
B a c k g ro u n d :  C ra n io s y n o s to s is , th e  p re m a tu re  fu s io n  o f  ca lva ria l su tu re s , is a c o m m o n  
c ra n io fa c ia l a b n o rm a lity . C a u sa tive  m u ta tio n s  in m o re  th a n  10 genes have been id e n tif ie d , in vo lv in g  
f ib ro b la s t  g r o w th  fa c to r ,  tra n s fo rm in g  g r o w th  fa c to r  be ta , and E p h /e p h r in  s igna llin g  pa thw ays . 
M u ta t io n s  a ffe c t each hu m an  ca lva ria l s u tu re  (c o ro n a l, sag itta l, m e to p ic , and  la m b d o id ) d if fe re n tly , 
suggesting  d if fe re n t  g ene e x p re s s io n  p a tte rn s  e x is t  in  each h u m an  s u tu re . T o  b e t te r  u n d e rs ta n d  th e  
m o le c u la r  c o n t ro l  o f  h u m an  s u tu re  m o rp h o g e n e s is  w e  used m ic ro a r ra y  analysis t o  id e n tify  genes 
d if fe re n t ia lly  e x p re s s e d  d u r in g  s u tu re  fu s io n  in c h ild re n  w ith  c ra n io s y n o s to s is . E xp re ss io n  
d iffe re n c e s  w e re  a lso  analysed b e tw e e n  each un fused  s u tu re  ty p e , b e tw e e n  s u tu re s  f ro m  s y n d ro m ic  
and n o n -s y n d ro m ic  c ra n io s y n o s to s is  p a tie n ts , and b e tw e e n  u n fused  s u tu re s  f ro m  in d iv id u a ls  w ith  
and w i th o u t  c ra n io s y n o s to s is .
R e s u lts :  W e  id e n tif ie d  genes w ith  in c re a se d  e x p re s s io n  in un fused  s u tu re s  c o m p a re d  to  fu s in g / 
fuse d  s u tu re s  th a t  m ay be p iv o ta l t o  th e  m a in te n a n ce  o f  s u tu re  p a te n c y  o r  in c o n tro l l in g  e a rly  
o s te o b la s t d if fe re n t ia t io n  (i.e . RBP4, GPC3, C IQ T N F 3 , IL I IRA, PTN, POSTN). In a d d it io n , w e  have 
id e n tif ie d  genes w i th  in c re a se d  e x p re s s io n  in fu s in g /fu se d  s u tu re  tissu e  th a t  w e  suggest c o u ld  have 
a ro le  in p re m a tu re  s u tu re  fu s io n  (i.e . W IF I,  A N XA 3 , CYFIP2). P ro te in s  o f  tw o  o f  th e se  genes, 
g lyp ica n  3 and re t in o l b in d in g  p ro te in  4 , w e re  in ve s tig a te d  by  im m u n o h is to c h e m is try  and lo ca lise d  
to  th e  s u tu re  m e se n c h y m e  and o s te o g e n ic  f ro n ts  o f  d e v e lo p in g  hu m an  ca lva ria , re s p e c tive ly , 
sug ges ting  n o v e l ro le s  f o r  th e se  p ro te in s  in  th e  m a in te n a n ce  o f  s u tu re  p a te n c y  o r  in c o n tro l l in g  
e a r ly  o s te o b la s t d if fe re n t ia t io n . W e  s h o w  th a t  th e re  is l im ite d  d if fe re n c e  in w h o le  g e n o m e  
e x p re s s io n  b e tw e e n  s u tu re s  is o la te d  f ro m  p a tie n ts  w ith  s y n d ro m ic  and n o n -s y n d ro m ic  
c ra n io s y n o s to s is  and c o n f irm e d  th is  by  q u a n tita t iv e  R T -P C R . F u r th e rm o re , d is t in c t  e x p re s s io n  
p ro f ile s  f o r  each un fused  s u tu re  ty p e  w e re  n o te d , w ith  th e  m e to p ic  s u tu re  be ing  m o s t d ispa ra te . 
F ina lly , a lth o u g h  ca lva ria l bo nes  a re  g e n e ra lly  th o u g h t  to  g r o w  w ith o u t  a c a rtila g e  p re c u rs o r ,  w e
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s h o w  h is to lo g ic a lly  and  b y  id e n t if ic a t io n  o f  c a r tila g e -s p e c ific  gene e x p re s s io n  th a t  ca rtila g e  m ay be 
in v o lv e d  in th e  m o rp h o g e n e s is  o f  la m b d o id  and p o s te r io r  sag itta l su tu re s .
C o n c lu s io n :  T h is  s tu d y  has p ro v id e d  fu r th e r  in s ig h t in to  th e  c o m p le x  s igna lling  n e tw o rk  w h ic h  
c o n t ro ls  h u m an  ca lva ria l s u tu re  m o rp h o g e n e s is  and c ra n io s y n o s to s is . Id e n tif ie d  genes a re  
c a n d id a te s  f o r  ta rg e te d  th e ra p e u t ic  d e v e lo p m e n t and t o  sc re e n  f o r  c ra n io s y n o s to s is -c a u s in g  
m u ta t io n s .
Background
C alvarial b o n e s  fo rm  by  th e  p ro life ra tio n  an d  d iffe ren tia ­
tio n  o f  m u l tip o te n t m esen ch y m a l cells in to  o steob lasts. 
T his p rocess, k n o w n  as in tra m e m b ra n o u s  o ssifica tion , is 
d is tin c t fro m  th e  d e v e lo p m e n t o f  th e  m a jo rity  o f  o th e r  
b o n e s  in  th e  b o d y  w h ic h  fo rm  by  th e  o ss ifica tion  o f  a p re ­
ex is ting  ca rtilag in o u s  m a trix  (e n d o c h o n d ra l o ss ifica tion ). 
C alvaria  first fo rm  fro m  a c o n d e n sa tio n  o f  m esen ch y m e  
te rm e d  th e  p rim a ry  cen tre  o f  o ss ifica tion . M esenchym al 
cell p ro life ra tio n  a n d  s u b s e q u e n t d iffe ren tia tio n  in to  
o s teo b la s ts  occurs a t th e  m arg in s  a n d  th e  b o n e  grow s in  a 
rad ia l fa sh io n  u n ti l  th e  o steo g en ic  fro n ts  o f  tw o  calvaria 
a p p ro x im a te  each  o th e r  an d  s tru c tu res  ca lled  su tu res  fo rm  
b e tw een  th e  b o n e s  [1], T hese in te rv e n in g  fib ro u s su tu res 
act as flex ib le  jo in ts  b e tw e e n  th e  d e v e lo p in g  b o n e s  a llo w ­
ing  th e  sku ll to  ch an g e  sh a p e  a n d  g row  d u rin g  d e v e lo p ­
m en t. M a in te n a n c e  o f  g ro w th  a t th e  o steo g en ic  fro n ts  at 
th e  edges o f  th e  su tu res  req u ires  a fine  b a lan c e  b e tw een  
p ro life ra tio n  a n d  d iffe ren tia tio n . A dd itio n a lly , ap o p to s is  
h a s  a ro le  e n su r in g  th a t  th e  tw o  o s teo g en ic  fro n ts  rem a in  
sep a ra ted  [2], D is ru p tio n  o f  an y  o f  th ese  p rocesses can 
re su lt in  th e  p re m a tu re  fu s io n  o f  calvarial su tu res, k n o w n  
as c ran io sy n o sto s is .
C ran io sy n o s to s is  is a m o n g s t th e  m o s t c o m m o n  cran ia l 
defects, se co n d  o n ly  to  cleft pa la te . It occurs in  1 in  25 0 0  
live b ir th s  a n d  can  b e  a ssoc ia ted  w ith  s ig n ifican t m o rb id ­
ity, in c lu d in g  m e n ta l re ta rd a tio n , deafness, a n d  b lin d n ess , 
in  a d d it io n  to  th e  s ig n ifican t social s tig m a associa ted  w ith  
c ran io fac ia l d e fo rm a tio n  [3]. T he  c o n d itio n  m ay  be 
cau sed  by  v a rio u s  g en e tic  m u ta tio n s , ex p o su re  to  te ra ­
to g en s  su ch  as re tin o ic  acid , m ech a n ica l stress, o r  resu lt 
from  certa in  m e ta b o lic  o r  h a e m a to lo g ic  d iso rd e rs  {4,5]. 
N o n -sy n d ro m ic  c ran io sy n o s to s is  refers to  sp o rad ic  su tu re  
fu s io n  in  th e  ab sen ce  o f  o th e r  d ev e lo p m e n ta l a b n o rm a li­
ties a n d  m o s t c o m m o n ly  affects th e  sag itta l su tu re . Syn­
d ro m ic  c ra n io sy n o sto s is  occurs as a re su lt o f  s im p le  
g en e tic  m u ta tio n s  a n d  is a c c o m p a n ie d  by  a d d itio n a l 
d e v e lo p m e n ta l a b n o rm a litie s  p a rticu la rly  in vo lv ing  th e  
lim b s  [6]. S y n d ro m ic  fo rm s o f  c ran io sy n o sto s is  c o m ­
m o n ly  affect th e  c o ro n a l su tu re  b u t o th e r  su tu res  m ay  be 
a ffected  d e p e n d in g  o n  th e  u n d e rly in g  gene tic  m u ta tio n . 
FGFR2 m u ta tio n s  are th e  m o s t c o m m o n  a n d  m o s t severe 
a ffec ting  th e  co ro n a l, m e to p ic , sag itta l, a n d  la m b d o id  
su tu res . FGFR3 m u ta tio n s  affect th e  c o ro n a l a n d /o r  
m e to p ic  su tu re s . FGFR1, TW IST1  a n d  EFNB1 m u ta tio n s
genera lly  affect o n ly  th e  co ro n a l su tu re . FNB1 an d  
TGFBR1 m u ta tio n s  h av e  b e e n  assoc ia ted  w ith  synosto sis 
o f  th e  sag itta l a n d /o r  la m b d o id  su tu res, w h ile  gain-of- 
fu n c tio n  M SX 2  m u ta tio n s  re su lt in  synosto sis  o f  th e  c o ro ­
nal a n d  sag itta l su tu res  (rev iew ed  in  [7]).
T he large n u m b e r  o f  genes id en tif ied  as causal fo r c ra n io ­
sy n o s to sis  suggests th a t  a co m p lex  m o le c u la r n e tw o rk  
co n tro ls  su tu re  m o rp h o g e n e s is  in  h u m a n s . In a d d itio n , 
ro d e n t s tud ies  h av e  revealed  a ro le  in  su tu re  fo rm a tio n  for 
tra n sfo rm in g  g ro w th  fac to r b e ta  (TGF|3) s ig na lling  m e d i­
a ted  b y  v a rio u s b o n e  m o rp h o g e n e tic  p ro te in s  (BM Ps) [8- 
11]. T argeted  fu n c tio n a l gene tic  ap p ro ach es  are slow ly 
u n rav e llin g  th e  m o le c u la r  sig n a llin g  th a t  co n tro ls  su tu re  
m o rp h o g en esis . H ow ever, th e re  is also  a n eed  fo r a b ro ad  
ex p e rim en ta l a p p ro a c h  a im ed  a t id en tify in g  all genes and , 
su b seq u en tly , th e ir  assoc ia ted  p a th w ay s w h ich  are essen ­
tia l to  su tu re  m o rp h o g en esis .
T he d iffe ren t p h e n o ty p e s  in d u c e d  by  th e  k n o w n  m u ta ­
tio n s  suggest th a t  d is tin c t m o le c u la r  p a thw ays m ay  be 
o p e ra tin g  in  d iffe ren t su tu res. T his is particu la rly  ev iden t 
in  th e  case o f  th e  m e to p ic  su tu re  w h ich , in  h u m a n s , n o r ­
m a lly  fuses sh o rtly  a fter b ir th , w h ile  th e  o th e r  su tu res 
rem a in  p a te n t u n ti l  a d u lth o o d . T h is fea tu re  o f  the  
m e to p ic  su tu re  m ay  be  ex p la in ed  by  th e  f in d in g  in 
ro d en ts  th a t  th e  fro n ta l su tu re  (eq u iv a len t to  th e  m e to p ic  
su tu re  in  h u m a n s )  is p o p u la te d  by  neu ra l crest derived  
m esen ch y m e  a n d  separa tes  th e  fro n ta l b o n es , also  o f  n e u ­
ral crest o rig in , w h ile  th e  o th e r  su tu res  are a ju x tap o sitio n  
o f  neu ra l crest an d  parax ial m eso d e rm  [12-14], To u n d e r ­
s ta n d  th e  m ech a n ism s  o f  th e  fu s io n  p rocess gene expres­
sio n  p ro files  b e tw een  th e  fusing  p o s te rio r fron ta l su tu res 
in  m ice  h av e  b een  c o m p ared  to  p ro files from  u n fu sed  sag­
itta l a n d  co ro n a l su tu res  [15-20]. H ow ever, given th a t th e  
sig n a llin g  p a thw ays c o n tro llin g  su tu re  fu s io n  are likely  to  
d iffer in  su tu res  derived  fro m  d iffe ren t d e v e lo p m en ta l o r i­
gins, it is u n c le a r  w h a t such  co m p ariso n s  tell us a b o u t 
th ese  fu s io n  processes. T here  is, th erefo re , a n eed  to  study  
d iffe ren tia l g ene  exp ression  b e tw een  fused  a n d  u n fu sed  
su tu res  o f  th e  sam e  d e v e lo p m e n ta l o rig in .
S ub tle  d ifferences in  c ran ia l b io lo g y  a lso  exist b e tw een  
ro d e n ts  a n d  h u m a n s . F or exam p le , th e  ro d e n t m o d e l cre­
a ted  fo r th e  P ro250A rg  FGFR1 m u ta tio n , w h ich  causes 
Pfeiffer sy n d ro m e , d ev e lo p s synosto sis  o f  th e  fro n ta l, sag­
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ittal a n d  c o ro n a l su tu re s  [21] w hereas in  h u m a n s  th is 
m u ta tio n  c o m m o n ly  affects o n ly  th e  co ro n a l su tu re . Fur­
th e rm o re , p rim a ry  cells cu ltu red  from  p a tien ts  w ith  
FGFR2 m u ta tio n s  a n d  m ice  g en era ted  w ith  th e  sam e 
m u ta tio n s  sh o w  d iffe ring  p ro life ra tio n  an d  d iffe ren tia tio n  
ch a rac te ris tics  (rev iew ed  in  [22 ]). T hese  d ifferences 
e m p h a s ise  th a t  m e c h a n ism s  c o n tro ll in g  ro d e n t su tu re  
m o rp h o g e n e s is  d o  n o t exactly  m im ic  th o se  occu rrin g  in 
h u m a n  su tu res .
In th is  s tu d y  w e h av e  an a ly sed  g lo b a l in vivo expression  
d iffe rences b e tw een  fused , fusing , a n d  u n fu sed  su tu res  
fro m  p a tie n ts  w ith  c ra n io sy n o sto s is  to  iden tify  genes 
w h ich  are  in v o lv ed  in  m a in ta in in g  su tu re  p a ten c y  an d  
d riv in g  su tu re  fu s io n  w ith in  each  h u m a n  su tu re .
Results
Five p a tie n ts  w ere  rec ru ited  to  th e  gene  id en tif ic a tio n  
stage o f  th is  s tudy , o n e  d iag n o sed  w ith  sy n d ro m ic  c ran io ­
sy n o s to s is  (A pert sy n d ro m e  [M IM  1 0 1 2 0 0 ]) an d  fo u r 
w ith  n o n -s y n d ro m ic  c ra n io sy n o sto s is  (T able 1). S ixteen 
su tu re  sam p le s  w ere  o b ta in e d  fro m  th ese  p a tien ts  for 
m ic ro a rray  analysis; n in e  fro m  u n fu se d  su tu res, tw o  from  
fusing , a n d  five fro m  fu sed  su tu re s  (Fig. 1A). To m in im ise  
an y  age-re la ted  changes a n d  to  e lim in a te  any  sex-related  
effects o n  th e  d e v e lo p m e n t o f  c ran io sy n o sto sis , su tu res 
w ere  o b ta in e d  fro m  m ales aged  3-7  m o n th s . T he stage o f  
fu s io n  w as c o n firm e d  by  3D  c o m p u te r  to m o g ra p h y  (CT), 
M icroC T, a n d  h is to lo g ica l analysis an d  classified  as 
u n fu sed , fusing , o r  fu sed  (Fig. 1). W e p e rfo rm ed  m ic ro a r­
ray an a ly ses o n  RNA iso la ted  fro m  su tu res  resected  a t su r­
gery u s in g  th e  A ffym etrix  H u m a n  U 133A  2 .0  G en eC h ip  
p la tfo rm  c o n ta in in g  ~ 1 8 ,000  g ene  tran scrip ts . M icroarray  
d a ta  w ere  in itia lly  assessed  u s in g  a n u m b e r  o f  q u a lity  co n ­
tro l m easu re s  (A d d itio n a l files 1, 2, 3 ). RNA d ig es tio n  
p lo ts  in d ic a te d  th a t  all sam p le s  sh o w ed  a h igh  s im ila rity  
in  RNA q u a li ty  excep t fo r o n e  u n fu sed  sag itta l sam p le  
fro m  p a tie n t # 3 6  (U S 36). NUSE a n d  M box p lo ts  ind ica ted  
th a t th is  s a m p le  h a d  a s im ila r  ex p ression  in ten s ity  c o m ­
p a re d  to  o th e r  sam p le s  b u t  h a d  eleva ted  s ta n d a rd  errors. 
W e w ere  in itia lly  ca u tio u s  in  o u r  in te rp re ta tio n  o f  any  p a r­
tic u la r  d iffe ren ce  in  ex p ressio n  seen  w ith  th is sam p le .
P a tie n t gene tic  background  does n o t adversely a ffe c t gene 
expression
H ierarch ica l c lu stering , b a sed  o n  w h o le  g e n o m e  expres­
s io n , sh o w ed  sam p le s  typ ica lly  g ro u p e d  acco rd ing  to  stage 
o f  fu s io n  o r  su tu re  type , a n d  n o t  so le ly  by  p a tie n t o f  o ri­
gin, in d ic a tin g  n o  adverse p a tien t-sp ec ific  g en e tic  b ack ­
g ro u n d  b iases  existed  (A d d itio n a l file 4). Im p o rtan tly , 
su tu re s  fro m  th e  A pert sy n d ro m e  p a tie n t g ro u p ed  m o re  
c losely  w ith  s im ila r  su tu res  fro m  o th e r  n o n -sy n d ro m ic  
p a tien ts , th a n  th e y  d id  to  each  o th e r . T hese sim ila rities  in  
g ene  ex p ressio n  b e tw een  sy n d ro m ic  an d  n o n -sy n d ro m ic  
p a tie n ts  w ere  c o n firm e d  w ith  a d d it io n a l sy n d ro m ic  sa m ­
p les u s in g  rea ltim e  q u a n tita tiv e  RT-PCR (qRT-PCR), as 
described  later. T h is in d ica tes  th a t  p a tie n t genetic  b ack ­
g ro u n d  d o es n o t  overly  im p a c t o n  gene  expression  an d  it 
p ro v id es p ro o f  o f  p rin c ip le  th a t  th e  c o m b in e d  analysis o f  
sy n d ro m ic  an d  n o n -sy n d ro m ic  p a tie n t sam p les  can be 
ap p lied  in  th e  s tu d y  o f  genera l m e ch a n ism s o f  c ran io sy n ­
ostosis.
M e to p ic  sutures have d iffe re n t gene expression p ro file s  to  
o th e r sutures
T he n eu ra l crest o rig in  o f  th e  m e to p ic  su tu re  m e se n ­
chym e, c o m p a re d  to  th e  p re d o m in a n tly  m eso d e rm a l o r i­
g in  o f  th e  o th e r  su tu res  m ay  resu lt in  th e  m e to p ic  su ture, 
e x h ib itin g  s ig n ifican tly  d iffe ren t expression  pro files to  th e  
o th e r  su tu re  types. W e th e re fo re  in itia lly  ana ly sed  d iffer­
en tia l gene  ex p ression  b e tw een  fused  an d  u n fu sed  su tu res  
tre a tin g  m e to p ic  su tu res  separa te ly . M icroarray  expression  
d a ta  w ere  c o m b in e d  fo r all u n fu sed  (n  = 8) an d  all fu s ing / 
fused  (n  = 6) su tu res, fro m  th e  sag itta l, co ro n a l a n d  la m b ­
d o id  su tu res  a n d  d iffe ren tia l expression  w as analysed  
be tw een  th e  tw o  g ro u p s . In itia lly , a su b se t o f  d iffe ren tia lly  
expressed  p ro b e  sets w as se lec ted  b a sed  o n  th o se  w ith  a 
m u ltip le  te s tin g  co rrec ted  P < 0.1 (n  = 84) in  o rd e r to  
assess h o w  w ell th e  analysis sep a ra ted  th e  tw o  g ro u p s o f  
in te rest. T h is m in im ally -se lec tiv e  P-value w as chosen  to  
rem ove  a large n u m b e r  o f  th o se  genes w h ich  w ere n o t 
m o d u la te d  in  th e  tw o  tissue  types. Pair-w ise co rre la tio n  o f  
all sam p le s  to  an  arb itra rily  ch o sen  u n fu sed  su tu re  sam p le  
(#36  n o n -sy n d ro m ic , u n fu sed  co ro n a l)  sh o w ed  th a t  sam ­
p les w ere sep a ra ted  b ased  o n  stage o f  fu s io n  u s in g  th e  
ch o sen  g ene  subse t, w ith  a g rad ien t o f  re la tedness seen  fo r 
u n fu sed , fusing , an d  fu sed  tissues (Fig. 2A). F u rtherm ore , 
th e  u n fu sed  m e to p ic  su tu re  g ro u p ed  w ith  th e  fused  tis ­
sues, suggesting  th a t  m e to p ic  su tu re  m esen ch y m e has an 
ex p ression  p ro file  m o re  s im ila r to  fused  tissue. T his resu lt 
v in d ica ted  o u r  exclusion  o f  m e to p ic  su tu re  sam p les from  
sta tistical analyses o f  d iffe ren tia l expression  betw een  
u n fu sed  a n d  fused  sam p les . All o th e r  u n fu sed  su tu res 
sh o w ed  a very  h ig h  co rre la tio n  in  expression  betw een  
them selves, w h ereas fused  an d  fusing  su tu res  w ere m ore  
d isp a ra te  in  ex p ression  pro files . T h is b ro a d e r  d is tr ib u tio n  
o f  fu s ing  a n d  fused  su tu res  m ay  in d ica te  th a t th ey  w ere 
u n d e rg o in g  p a th o lo g ic  fu s io n  o f  d iffe ren t ae tio log ies a n d /  
o r  th a t  th e y  w ere  a t d iffe ren t stages o f  th e  fu s io n  process. 
A d d itiona lly , th e re  w as ev idence  fo r su ture-specific  
exp ression , w ith  th e  u n fu sed  sag itta l su tu res  b e in g  sligh tly  
less co rre la ted  to  u n fu sed  co ro n a l su tu res  th a n  w ere 
u n fu sed  la m b d o id  su tu res. T h is d ifference  w as la te r a n a ­
lysed b y  c o m p a r in g  exp ression  so le ly  be tw een  each 
u n fu sed  su tu re  type; h o w ev er by  p o o lin g  u n fu sed  su tu res 
fo r th e  in itia l analyses w e w ere  also  ab le  to  iden tify  th o se  
genes c o m m o n ly  invo lved  in  m o rp h o g en es is  o f  all 
su tures.
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Table I: Phenotypes of patients, identified causative mutations, fusion state and site of obtained sutures.
Analysis Patient Phenotype Sex Age (m ) Mutation Fused Suture Fusing Suture Unfused Suture
Microarray #42 A pe rt syndrome M 7 FGFR2 Ser252Trp Coronal3 Metopic3
Lambdoid3
#36 Unlcoronal M 3 N o FGFR o r TW ISTI Coronal3 Coronal3
synostosis Sagittal
#46 Sagittal synostosis M 5 N o FGFR o r TW ISTI Sagittal Coronal
Lambdoid3
Metopic3
#50 Sagittal synostosis M 6 N o FGFR o r TW ISTI Sagittal Coronal
#58 Sagittal synostosis M 7 N o FGFR o r TW ISTI Sagittal3 Sagittal6 Sagittal3
Coronal
Lambdoid3
Validation #47 A p e rt syndrome F 38 FGFR2 Pro253Arg Metopic
#85 A pe rt syndrome F 40 FGFR2 Ser252Trp Sagittal Metopic
#90 A p e rt syndrome F 4 FGFR2 Pro253Arg Coronal Coronal0 Sagittal
Metopic
# 6 1 A pe rt syndrome M 20 FGFR2 Ser252Trp Coronal Coronal
#92 Muenke syndrome F 6 FGFR3 Pro250Arg Coronal
#104 Saethre-Chotzen M 14 TW ISTI c.256_276dup Sagittal
syndrome Metopic
#49 Metopic synostosis M 10 N o FGFR o r TW ISTI Metopic
#60 Sagittal synostosis F 9 No FGFR o r TW ISTI Sagittal Sagittal
#63 Sagittal synostosis M 10 N o FGFR o r TW ISTI Sagittal Sagittal Lambdoid
#72 Lambdoid synostosis M 26 N o FGFR o r TW ISTI Lambdoid
#91 Sagittal synostosis F 5 N o FGFR o r TW ISTI Metopic
#94 Metopic synostosis F 9 N o FGFR o r TW ISTI Metopic Metopic Sagittal
#95 Unlcoronal M 5 N o FGFR o r TW ISTI Coronal
synostosis
#41 Norm al -  Tessier F 91 N o t tested Metopic
C left
#69 Norm al - F 4 N o t tested Lambdoid
hydrocephalus
#73 Norm al -  cerebellar M 9 N o t tested Coronal
tum our
#81 Norm al - F 2 N o t tested Lambdoid
hydrocephalus
#87 Norm al -  cerebellar M 57 N o t tested Coronal
tum our
#89 Norm al - M 1 day N o t tested Lambdoid
hydrocephalus
Histology #3 A pe rt syndrome M 4 FGFR2 Ser252Trp Lambdoid
#5 Sagittal synostosis M 3 N o FGFR o r TW ISTI Sagittal
#80 Metopic synostosis M 6 N o FGFR o r TW ISTI Coronal
Sagittal
#83 Sagittal synostosis M 6 N o FGFR o r TW ISTI Lambdoid (x2)
Coronal
#84 Unicoronal F 7 N o FGFR o r TW ISTI Coronal Sagittal
synostosis
3R NA sample also used fo r qRT-PCR validation experiments. 
bSample used fo r validation experiments, but no t m icroarray analysis.
cT w o samples o f varying degrees o f fusion w ere obtained. The sample which was at the earlier stage o f fusion was used fo r validation qRT-PCR, the 
sample at a later stage o f fusion was used fo r w ith in patient comparison only.
H iera rch ica l c lu s te rin g  b a sed  o n  th e  se lected  su b se t o f  U S36, d esp ite  RNA q u a lity  concerns, g ro u p ed  m o s t
genes c learly  sh o w e d  th a t  su tu re  tissue  sam p les  fo rm ed  closely  w ith  th e  o th e r  u n fu sed  sag itta l su tu re  a n d  th u s  it
tw o  clusters , m irro r in g  tw o  sta tes o f  fusion : fu sed /fu s in g  w as a p p ro p r ia te  to  in c lu d e  th is  sam p le  in  fu r th e r analyses,
a n d  u n fu se d  (Fig. 2B). T h is  suggests th a t  fu s ing  su tu res  are 
g en e ra lly  m o re  s im ila r  to  fu sed  th a n  u n fu se d  su tu res  a n d  
th a t  it is a p p ro p r ia te  to  g ro u p  th e m  to g e th e r fo r analyses.
It w as a lso  n o te d  th a t  in  b o th  p lo ts  in  Figure 2, sam p le
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F ig u r e  I
C o m p u te r  to m o g ra p h y  (C T )  scans s h o w in g  s ite  and  
fu s io n  s ta te  o f  s u tu re s  o b ta in e d  f r o m  c ra n io syn o s to s is  
p a tie n ts . A )  P o s te r io r and s u p e rio r ( le ft and righ t) v ie w  o f 
p a tie n t # 5 8  ind ica ting  w h e re  unfused, fusing and fused sutures 
w e re  ob ta ined  fro m , p, pa rie ta l bone; o, occ ip ita l bone; f, fro n ta l 
bone. B ) M Ic ro C T  image d e m ons tra ting  a fusing and unfused 
su tu re . Scale I mm.
Genes d iffe re n tia lly  expressed between fused and unfused  
sutures
Based o n  a lin e a r reg ression  analysis o f  genes d iffe ren ­
tia lly  expressed  b e tw een  th e  u n fu sed  g ro u p  o f  su tu res an d  
th e  g ro u p  o f  fu s in g /fu sed  su tu res, 28 genes w ere sign ifi­
can tly  (m u ltip le  te s tin g  co rrec ted  P < 0 .0 5 ) d iffe ren tia lly  
expressed  (T able  2). Irrespective o f  P-value, a g reater th a n  
2 -fo ld  ex p ression  d ifference  w as fo u n d  for 829  p ro b e  sets; 
25 2  w ere  " increased" an d  57 7  w ere  "decreased" in 
u n fu sed  c o m p a re d  to  fu s in g /fu sed  su tu res  (A d d itio n a l file 
5 ). A m o n g st th o se  genes increased  in  u n fu sed  su tu res 
w ere FGFR2, TGFB2, a n d  epidermal growth factor receptor 
(EGFR) (T able  3 ). All h ave  b een  p rev io u sly  lin k ed  w ith  
calvarial d e v e lo p m e n t an d , in  th e  case o f  FGFR2, w ith  
cran io sy n o sto s is  [23-28], T h irty  tw o  o f  these  829 p ro b e  
sets (3 .9 % ), rep re sen tin g  24 genes, h a d  a s ign ifican t d if­
ference in  ex p ression  (m u ltip le  te s tin g  co rrec ted  P < 0 .05 ), 
suggesting  th a t  th e se  are im p o rta n t in  th e  m o rp h o g en esis  
o f  all su tu res. All, excep t o n e , w ere  increased  in  u n fu sed  
su tu res . T he id en tif ic a tio n  o f  such  a sm all n u m b e r  o f  sig­
n ifican tly  expressed  genes across all su tu re  types is likely 
d u e  to  th e  fact th a t  d iffe ren t su tu re  types, w h ich  m ay  have 
sligh tly  d iffe ren t gene  exp ression  profiles, w ere co m b in ed  
fo r th e  analysis. As w e d id  n o t w a n t to  reject any  p o te n ­
tia lly  im p o r ta n t genes, in c lu d in g  th o se  expressed to  vary ­
ing  degrees in  d iffe ren t su tu res, w e carried  o u t fu r th e r 
analyses u s in g  th e  genes in  th e  2 -fo ld  list, irrespective o f  
th e ir  P-value. Im p o rtan tly , how ever, w e recognise  th a t 
th o se  genes w ith  a P < 0 .05  are m o re  likely  to  be  key reg­
u la to rs  o f  su tu re  m o rp h o g en es is , ra th e r th a n  specific to  
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F ig u r e  2
M ic ro a r ra y  s a m p le  c o r re la t io n s  based o n  a se le c te d  gene  lis t  (fused  v  un fused , P < 0.1). C o rre la tio n s  are based on genes d if­
fe re n tia lly  expressed (P <  0.1) be tw een  unfused and fused su tu res fo r  com bined samples fro m  co rona l, lam bdoid and sagittal sutures. A )  
C o rre la tio n  to  the  unfused co ro n a l su tu re  fro m  p a tien t #3 6  shows a g rad ien t o f c o rre la tio n  be tw een unfused, fusing and fused sutures. 
The unfused m e to p ic  su tu re  g roups w ith  fused sutures. P atient num ber is re co rde d  be lo w  data po in ts  and state o f fusion above data 
po in ts . B ) H ie ra rch ica l c lus te ring  separates su tu re  data in to  unfused and fusing/fused sutures. Unfused lam bdoid  and corona l sutures are 
m o re  re la ted  to  each o th e r than the y  are to  sagittal sutures. U, unfused; Fg, fusing; F, fused; C , co rona l; S, sagittal; L, lam bdoid ; M, 
m e top ic ; p a tie n t nu m ber fo llo w s  sample iden tifie r.
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Table 2: Significant!/ differentially expressed genes: unfused v fusing/fused sutures.
Gene GenBank Name Fold
MFAP4 NM 002404 microfibrillar-associated protein 4 16.50
IL IIRA NM 004512 interleukin 1 1 receptor, alpha 5.90
RBP4 NM 006744 plasma re tinol binding protein 4 37.38
AMPH NM 001635 amphiphysin 8.27
INHBA NM 002192 inhibin, beta A  (activin A, activin AB alpha polypeptide) 6.94
CIQTNF3 B C 016021 C lq  and tum or necrosis factor related protein 3 20.25
PRELP BC032498 proline arginine-rich end leucine-rich repeat protein 10.65
H DH D IA NM 012080 haloacid dehalogenase-like hydrolase domain containing IA -1.78
AGCI NM 013227 aggrecan 1 (chondroitin sulfate proteoglycan 1) 6.16
ANGPTL2 NM 012098 angiopoietin-like 2 6.67
Clorf24 NM 052966 chromosome 1 open reading frame 24 2.04
FMOD NM 002023 fibromodulin 5.41
OLFMI NM 006334 olfactomedin 1 2.55
FBLNI NM 006486 fibulin 1 12.88
SSPN NM 005086 sarcospan 4.40
CYFIP2 BC026892 cytoplasmic FMRI interacting protein 2 -2.68
M N I NM 002430 meningioma 1 3.72
PTN NM 002825 pleiotrophin (osteoblast-specific factor 1) 6.25
EGFR NM 005228 epidermal grow th factor receptor 2.71
TNN NM 022093 tenascin N 6.67
ADCY2 NM 020546 adenylate cyclase 2 (brain) 2.96
PDZRN3 NM 015009 PDZ domain containing RING finger 3 3.71
SPONI BC04I974 spondin 1, extracellular m atrix protein 4.73
APP NM 000484 amyloid beta (A4) precursor protein 1.83
AUTS2 NM 015570 autism susceptibility candidate 2 1.94
GPC3 NM 004484 glypican 3 7.13
HAPLN1 NM 001884 hyaluronan and proteoglycan link protein 1 7.10
LHX6 NM 014368 LIM homeobox 6 -1.80
Twenty-e ight genes were identified as being significantly (false discovery rate adjusted P < 0.05) differentially expressed in unfused sutures compared 
to  fused/fusing sutures. Genes are listed in order o f significance w ith  fold change relative to  unfused sutures.
To fu r th e r  ca tegorise  th e  2 -fo ld  d ifferen tia lly -expressed  
g ene  list, g ene  o n to lo g y  (G O ) o v e r-rep re sen ta tio n  w as 
an a ly sed . B iological p rocesses en rich ed  in  th e  2 -fo ld  gene 
lis t a re  sh o w n  in  T ab le  4 . G enes w ith  h ig h e r  exp ression  in  
u n fu se d  su tu re s  w ere  fo u n d  to  s ig n ifican tly  o v er-rep resen t 
p rocesses su ch  as m e so d e rm  fo rm a tio n , skeletal d e v e lo p ­
m en t, cell a d h e s io n , cell surface  recep to r signalling , an d  
ex trace llu la r m a trix  o rg an isa tio n , co n s is ten t w ith  genes 
in v o lv ed  in reg u la tin g  su tu re  m o rp h o g en esis . S u rp ris­
ingly, w e a lso  n o te d  an  ex trem ely  sig n ifican t over-repre- 
se n ta tio n  w ith in  th o s e  genes w ith  h ig h e r expression  in 
fu s in g /fu sed  su tu re s  o f  genes in v o lv ed  in  th e  re sp o n se  to  
b io tic  s tim u li (P = 5 .73  x 10 -41) a n d  th e  im m u n e  
re sp o n se  (P =  1.61 x 10 -34 ). As fo ld  change  is n o t th e  on ly  
usefu l ch aracteristic , G O  o v e r-rep re sen ta tio n  analysis w as 
also  c o n d u c te d  irrespective  o f  fo ld  ch an g e  fo r all p ro b e  
sets w ith  a m in im a lly  selective P < 0 .25  (n  = 2 6 1 ) a n d  s im ­
ilar ca tego ries w ere  id en tif ied .
G ene  Set E n ric h m e n t A nalysis (GSEA) w as th e n  u sed  to  
asses th e  sign ificance  o f  th is  set o f  d iffe ren tia lly  expressed  
genes a t th e  m o le c u la r  level. T he  ran k ed  list o f  2 -fo ld  d if­
fe ren tia lly  exp ressed  genes w as c o m p a re d  w ith  a cu ra ted
d a tab a se  c o n sis tin g  o f  m o lecu la r pa th w ay s an d  p u b lic ly  
ava ilab le  m ic ro a rray  ex p e rim en ts  (A d d itio n a l file 6). Such 
a c o m p a riso n  id en tif ie s  w h ich  m o lecu la r pa th w ay s share  
a g ro u p  o f  genes w ith  o u r  id en tif ied  gene list, p ro v id in g  a 
p o te n tia l in s ig h t in to  in v o lv ed  b io lo g ica l ne tw orks. T hose  
g ene  sets w h ich  w ere  sign ifican tly  co rre la ted  (m u ltip le  
te s tin g  co rrec ted  P  < 0 .05 ) to  genes increased  in  u n fu sed  
su tu res  in c lu d ed  genes w ith  ac tiva ting  tran sc rip tio n  factor 
3 (ATF3) a n d  ly m p h o id  e n h a n c e r-b in d in g  fac to r 1 (LEF1) 
b in d in g  m o tifs  w ith in  2 kb  o f  th e ir  tran sc rip tio n  start 
sites, genes u p -reg u la ted  by  TGFfi, genes up -reg u la ted  in 
h a e m a to p o ie tic  s tem  cells, genes u p -reg u la ted  in  CD 31 
negative  s tro m a l s tem  cells w h ich  d iffe ren tia te  in to  b o n e  
cells, an d  genes d o w n -reg u la ted  u p o n  C y tom egalov irus 
(CMV) in fec tio n . T h is fina l gene  se t m akes a co n n ec tio n  
b e tw een  th o se  genes d o w n -reg u la ted  d u rin g  su tu re  fu s io n  
(i.e. u p -reg u la ted  in  u n fu sed  su tu res) an d  genes dow n - 
reg u la ted  d u rin g  in fec tion . T his in teg ra ted  w ell w ith  th e  
gene  sets w h ich  w ere  sign ifican tly  co rre la ted  w ith  th o se  
genes in creased  d u rin g  fu s ion ; th ese  in c lu d ed  genes up - 
reg u la ted  in  liver in  graft verses h o s t d isease  (GVFID; p a r­
ticu la rly  genes assoc ia ted  w ith  a ttra c tio n  a n d  ac tiva tion  o f  
d o n o r  T-cells), genes u p -reg u la ted  in  p u lp a l tissue  from
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Table 3: Selection of genes with fold change between unfused and fused sutures and between each unfused suture site.



























































fibroblast grow th factor receptor 2 
frizzled homolog I (Drosophila) 
interleukin I I receptor, alpha 
transform ing grow th factor, beta 2 
fibroblast g row th factor receptor I 
fibroblast g row th factor receptor 3 
wingless-type MMTV integration site family, 
member SA 
interleukin 17 receptor 
olfactomedin 4 
W N T  inhib itory factor I
collagen, type II, alpha I (primary osteoarthritis) 
collagen, type III, alpha I (Ehlers-Danlos syndrome 
type IV)
collagen, type VIII, alpha 2





proline arginine-rich end leucine-rich repeat 
protein
throm bospondin 2
collagen, type I, alpha 2
coronin, actin binding protein, IA
basic helix-loop-helix domain containing, class B, 3 
cartilage paired-class homeoprotein I 
hepatic leukemia factor
v-jun sarcoma virus 17 oncogene homolog (avian) 
paired-like homeodomain transcription factor 2 
sine oculis homeobox homolog 2 (Drosophila) 
v-fos FBJ murine osteosarcoma viral oncogene 
homolog
FBJ murine osteosarcoma viral oncogene homolog 
B
forkhead box D I 
jun B proto-oncogene
mesenchyme homeo box 2 (growth arrest-specific 
homeo box)
msh homeo box homolog 2 (Drosophila) 
tw is t homolog I (Saethre-Chotzen syndrome)
LIM hom eobox 6 
sho rt stature homeobox 2
paired box gene 5 (B-cell lineage specific activator)
receptor tyrosine kinase-like orphan receptor I 




6.67 0.024 1.00 -1.45 -2.87
2.71 0.038 1.00 1.02 1.20
2.92 0.480 1.00 -2.06 -5.33
2.75 0.173 1.00 -1.19 -1.60
2.39 0.093 1.00 1.22 -1.12
3.36 0.294 1.00 -1.42 -3.72
2.13 0.326 1.00 -1.08 -2.41
5.90 0.003 1.00 1.49 1.32
3.76 0.096 1.00 -1.01 -2.08
1.23 0.480 1.00 -1.29 1.12
1.42 0.480 1.00 1.23 1.33
1.24 0.857 1.00 -1.03 -5.18
-2.67 0.480 1.00 -1.25 3.35
-6.69 0.480 1.00 -2.15 6.77
-3.19 0.480 1.00 -1.27 5.37
7.21 0.390 1.00 -20.66 -3.84
6.32 0.072 1.00 1.24 -3.84
1 1.49 0.092 1.00 -1.23 -12.73
14.65 0.407 1.00 -41.66 -17.28
12.88 0.025 1.00 -1.39 -1.92
5.41 0.024 1.00 -1.09 -1.70
6.40 0.270 1.00 -4.21 -3.01
10.65 0.009 1.00 1.20 -1.31
6.62 0.069 1.00 -1.26 -2.47
1.05 0.480 1.00 -1.01 -1.06
-5.08 0.480 1.00 -1.05 1 1.73
5.95 0.093 1.00 -2.23 -4.76
2.06 0.533 1.00 16.21 2.38
3.54 0.210 1.00 -2.55 -6.81
4.41 0.161 1.00 3.14 2.50
3.45 0.279 1.00 1.63 -2.08
2.72 0.136 1.00 -1.09 -1.70
1.40 0.745 1.00 14.96 4.13
1.83 0.695 1.00 54.37 20.22
1.49 0.499 1.00 -4.71 -5.17
1.28 0.703 1.00 3.61 2.95
1.66 0.495 1.00 -3.99 -7.74
1.95 0.464 1.00 -1.14 -2.23
1.50 0.476 1.00 -1.20 -1.27
-1.80 0.050 1.00 -1.07 -1.03
-3.44 0.480 1.00 -1.00 4.50
-4.20 0.480 1.00 -1.69 6.25
2.26 0.095 1.00 1.21 -1.14
-1.78 0.018 1.00 1.05 1.05
-5.55 0.480 1.00 -1.30 6.76
-7.17 0.480 1.00 -1.30 6.76
Transporter
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Table 3: Selection of genes with fold change between unfused and fused sutures and between each unfused suture site. (Continued)
CIQTNF3 220988_s_at C lq  and tum or necrosis factor related protein 3 20.25 0.007 1.00 -1.52 -4.92
RBP4 219140_s_at retinol binding protein 4 (plasma) K IA A I922 37.38 0.003 1.00 -1.35 -2.53
AP0CI 204416_x_at apolipoprote in C-l -2.01 0.480 1.00 1.08 5.06
Binding
AGCI 217161 _x_a t aggrecan 1 (chondroitin sulfate proteoglycan 1) 6.16 0.024 1.00 -1.25 -1.56
CCNDI 208711 _s_ac cyclin D 1 2.13 0.449 1.00 1.38 2.24
GPC3 209220_at glypican 3 7.13 0.050 1.00 1.26 -3.34
HAPLNI 205523_at hyaluronan and proteoglycan link protein 1 7.10 0.050 1.00 -1.96 -4.01
INHBA 210511 _s_at inhibin, beta A  (activin A, activin AB alpha 
polypeptide)
6.94 0.006 1.00 -1.36 -3.03
MFAP4 212713_at microfibrillar-associated protein 4 16.50 0.001 1.00 1.32 -1.86
OGN 218730_s_at osteoglycin (osteoinductive factor, mimecan) 5.71 0.166 1.00 -1.41 -4.65
POSTN 214981 _at periostin (osteoblast specific factor 2) 5.87 0.101 1.00 -1.16 -1.60
PTN 209466_x_at p leio trophin (osteoblast specific factor 1) 6.25 0.031 1.00 -1.14 -1.78
SIOOAIO 200872_at SI 00 calcium binding protein A I0  (annexin II 
ligand)
2.01 0.096 1.00 -1.04 -1.60
CCND3 201700_at cyclin D3 -2.60 0.480 1.00 -1.00 3.62
FCNI 205237_at ficolin (collagen/fibrinogen domain containing) 1 -5.45 0.480 1.00 -1.46 12.39
FGR 208438_s_at Gardner-Rasheed feline sarcoma viral (v-fgr) 
oncogene homolog
-3.03 0.480 1.00 -1.13 5.75
SI00A I2 205863_at S I00 calcium binding protein A I2  (calgranulin C) -8.86 0.480 1.00 -2.63 15.19
Enzyme regulator
M M P I4 202827_s_at m atrix metalloproteinase 14 (membrane-inserted) 2.39 0.226 1.00 -1.22 -1.84
TIMP3 201149_s_at tissue inh ib itor o f metalloproteinase 3 2.22 0.467 1.00 -1.71 -3.43
CASPI 211366_x_at caspase 1, apoptosis-related cysteine protease -2.73 0.165 1.00 -1.30 1.01
MME 203434_s_at membrane metallo-endopeptidase (CD 10) -3.23 0.476 1.00 -2.35 -1.29
MMP8 207329_at m atrix metalloproteinase 8 (neutrophil 
collagenase)
-5.81 0.480 1.00 -2.36 1.69
RASGRP2 208206_s_at RAS guanyl releasing protein 2 (calcium and DAG- 
regulated)
-2.60 0.480 1.00 1.02 3.02
Unknown Function
CYFIP2 220999_s_at cytoplasmic FMRI interacting protein 2 -2.68 0.031 1.00 1.14 1.09
Gene expression fold change (U-F) is presented fo r unfused sutures (n = 8) compared to  fused/fusing sutures (n = 6), w ith corresponding P-values, 
and fo r combined unfused coronal (n = 4) and unfused sagittal (n = 2) sutures compared to  unfused lambdoid sutures (n = 2).
ca rio u s  te e th , a n d  genes u p -reg u la ted  d u rin g  re tin o ic  acid 
in d u c e d  p ro m y e lo cy tic  d iffe ren tia tio n . T hese o b se rv a ­
tio n s  a re  c o n s is te n t w ith  o u r  p rev io u s GSEA o b se rv a tio n s  
in  a m ic ro a rray  c o m p a r iso n  b e tw e e n  fused  su tu res  tissue 
a n d  d e -d iffe ren tia ted  e x p la n t cells, w h ere  w e again  fo u n d  
an  in c rease  in  ex p ression  o f  im m u n e  resp o n se  genes in 
fu sed  su tu re  tissues [29]. It is p o ss ib le  th a t th ese  im m u n e  
re sp o n se  genes reflect th e  fo rm a tio n  o f  b o n e  m arro w  
w ith in  th e  fu sed  b o n e  m atrix . In  s u p p o r t o f  th is , m ic ro s­
co p y  revea led  a large a c c u m u la tio n  o f  ly m p h o cy tes  an d  
o th e r  w h ite  b lo o d  cells w ith in  th e  calvarial b o n e s  (A dd i­
t io n a l file 7 ). A seco n d  e x p la n a tio n  m a y b e  th a t p re m a tu re  
fu s io n  is fu n c tio n a lly  a ssoc ia ted  w ith  an  im m u n e  
re sp o n se  to  in fec tio n , e ith e r  d irec tly  o r  ind irec tly , as it is 
k n o w n  th a t  v a rio u s  im m u n o re g u la to ry  cy tok ines in f lu ­
ence  b o n e  h o m e o s ta s is  a n d  th a t  o s teo b la s ts  m ay  fac ilita te  
im m u n e  resp o n ses  b y  p ro d u c in g  im m u n o m o d u la to ry  
m o lecu le s  (rev iew ed  in  [3 0 ,3 1 ]).
R esults w ere  th e n  an a ly sed  o n  a g en e -b ased  level. O n e  o f  
th e  fam ilies  o f  genes w h ic h  w ere  s ig n ifican tly  over-rep re­
se n te d  in  u n fu se d  su tu res  w as E p h /e p h rin  s ig n a llin g  m o l­
ecules. T h ese  fo rm  a p a th w a y  recen tly  in v o k ed  in  causing
c ran io sy n o sto s is  [32 ,33]. Specifically, w e fo u n d  th a t th ree  
e p h r in  recep to r genes h a d  h ig h e r expression  in  u n fu sed  
su tu res  (EPHA 3, 2 .9 -fo ld ; EPH A4, 2 .8 -fo ld ; EPEIB2, 2 .4- 
fo ld ). M u ltip le  genes from  several o th e r  gene fam ilies 
w ere  a lso  increased  in  u n fu se d  su tu res  (T able 3). These 
in c lu d e  sm all leuc ine-rich  p ro teo g ly can s (SLRPs), a g ro u p  
o f  secre ted  p ro te in s  th a t are k n o w n  to  be  invo lved  in car­
tilage a n d  b o n e  fo rm a tio n  th ro u g h  fac ilita ting  collagen  
fibril b in d in g  to  th e  EM C [34,35] a n d  regu la ting  TGFfi 
activ ity  b y  seq u es te rin g  TGF(3 in  th e  ECM, th u s  p rev en tin g  
b in d in g  to  cell surface recep to rs [36], Such genes w ere, 
proline arginine-rich end leucine-rich repeat protein (PRELP, 
10 .7 -fo ld ), osteoglycin (O G N , 5 .7 -fo ld ), fibrom odulin  
(FM O D , 5 .4 -fo ld ) an d  decorin (D C N , 2 .0 -fo ld ).
A large o v e r-rep re sen ta tio n  o f  co llagen  genes w as also  
observed . In  particu la r, collagen type 11, III, VI, VIII, X , an d  
X I  w ere all u p -reg u la ted  in  u n fu sed  su tu res. In teresting ly , 
C o llagen  type  II a n d  X are genera lly  assoc ia ted  w ith  carti­
lage fo rm a tio n , a n d  w o u ld  n o t b e  expected  to  be  
expressed  d u rin g  in tra m e m b ra n o u s  ossifica tion . H o w ­
ever, a  n u m b e r  o f  o th e r  cartilage-specific  genes w ere also  
in creased  in  u n fu sed  su tu res  (A G C 1,6 .2-fo ld ; H APLN 1,
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Table 4: Gene Ontology analysis: unfused compared to fused 
sutures
Biological process increased In 
sutures:
Unfused Fused P-value
Cell adhesion 32 1.95 X I0 - '2
Cell m atrix adhesion 4 6.53 X 10-3
Cell communication
Cell surface receptor linked signal 25 4.45 X 10-3
transduction
Dopamine metabolism 2 6.63 X 10-4
Phosphoinsltide-medlated 8 4.58 X 10-3
signalling 
Cell d ifferentiation
Heme biosynthesis 3 6.96 X 10-3
Lymphocyte differentiation 6 1.27 X 10-3
Cellular physiological process
Anion transport 1 1 4.92 X |0-‘
Cell cycle 42 4.72 X I0-5
Cell m o tility 1 1 2.70 X 10-4
Extracellular m atrix organisation 4 l . l  1 X  1 0 -3
and biosynthesis
M icrotubule based process 10 7.35 X 10-3
Regulation o f phosphorylation 3 5.30 X 10-3
Morphogenesis 18 5.34 X 10-4
Cellular morphogenesis 9 5.60 X 10-3
Mesoderm form ation 2 4.46 X 10-3
Organ morphogenesis 8 7.46 X 10-3
Organ development 23 3.45 X IO-2
Cartilage condensation 2 5.89 X  10-3
Eye development 3 4.98 X 10-4
Muscle development 6 2.52 X 10-3
Skeletal development 1 1 1.18 X IO-*
Regulation o f development
Negative regulation o f 3 2.28 X 10-3
development 
Response to  abiotic stimulus
Response to  chemical stimulus 20 7.31 X 10-3
Response to  reactive oxygen 3 5.21 X 10-3
species
Response to  b iotic stimulus 1 16 5.73 X 10-41
Defence response to  bacteria 1 1 5.2 xIO-9
Defence response to  fungi 3 1.65 X 10-3
Response to  virus 7 9.1 1 X 10-3
Immune response 100 1.61 X 10-34
Humoral immune response 22 1.57 X IO-«
Inflammatory response 23 3.08 X IO-2
Classification o f gene ontologies (GO ) significantly over- represented
(P < 0 .01) fo r genes at least 2 fold differentially expressed between 
unfused and fused sutures, listed under level 3 G O  category headings. 
N o t all level three G O  categories listed were significantly over­
represented and thus do no t have a P-value
7 .1 -fo ld ; C ART1, 2 .1 -fo ld ) su g gesting  th a t  th e re  m ay  b e  a 
ro le  fo r cartilage  in  calvarial su tu re  m o rp h o g en es is . A d d i­
t io n a l secre ted  m a trix  p ro te in s  th a t w ere  over-expressed  in  
u n fu se d  su tu re  tissue  in c lu d e d  pleiotrophin (P T N , also  
k n o w n  as osteoblast specific factor 1 (O SF1 )) a n d  periostin 
(P O S T N , osteoblast specific factor 2 (O S F 2)). P TN  h as  b een  
id e n tif ie d  in  o s te o b la s ts  u n d e rg o in g  early  stages o f  d iffer­
e n tia tio n  a n d  is a p o te n t  re g u la to r o f  o s te o b la s t p ro life ra ­
tio n , re c ru itm en t, a n d  d iffe ren tia tio n  [37], P O STN  is also  
expressed  by  early  o s teo b la s ts  a n d  is a ta rget o f  T w is tl 
tra n sc rip tio n a l reg u la tio n  in  m ice  [38]. A n u m b e r  o f  p ro ­
teases an d  p ro tea se  in h ib ito rs  w ere  also  d iffe ren tia lly  
expressed  b e tw een  u n fu se d  a n d  fused  su tu re  tissue  in c lu d ­
ing, M M P 2  (2 .0 -fo ld ), M M P 14  (2 .4 -fo ld ) , M M P 8  (5 .8- 
fo ld ), M M E  (-3 .2 3 -fo ld ), SERPINA1 (-2 .7 -fo ld ), 
SERPINB1 (-3 .6 -fo ld ) a n d  TIM P3 (2 .3 -fo ld ) (A dd itiona l 
file 5 ).
N u m e ro u s  genes invo lved  in  W n t sig n a llin g  w ere also 
id en tif ied ; glypican 3 (GPC3, 7 .1 -fo ld ) a n d  frizzled 1 
(FZD 1, 2 .1 -fo ld ) w ere  in creased  in  u n fu sed  su tu res, w h ile  
W N T  inhibitory factor 1 (W IF I, 3 .2 -fo ld ) w as increased  in 
fused  su tu res . P reviously , w e have  id en tif ied  an  up-regu la- 
tio n  o f  W IFI in  h u m a n  fu sed  su tu re  tissue  w h en  c o m p a r­
ing  in vivo exp ression  to  expression  o f  d e-d iffe ren tia ted  
ex p lan t cells [29], T hese  resu lts  are co n s is ten t w ith  the 
recen t o b se rv a tio n s  th a t  ac tiv a tio n  o f  can o n ica l W n t sig­
n a llin g  is im p o r ta n t in  o s te o b la s t ex p an sio n  a n d  d iffe ren ­
tia tio n  [39], a n d  th a t  a n ta g o n is t o f  W n t sig n a llin g  are 
e ssen tia l to  in itia te  te rm in a l o s teo b las ts  d iffe ren tia tio n  
[40].
A n u m b e r  o f  th e  genes d iffe ren tia lly  expressed  be tw een  
fused , fusing , a n d  u n fu sed  su tu res  w h ich  h a d  a large sig­
n if ic an t (P < 0 .0 5 ) fo ld  ch an g e  (T able 2) h a d  n o t b een  
p rev io u sly  id en tif ied  to  be  expressed  in  h u m a n  calvaria. 
O f  p a rticu la r in te re s t w ere  retinol-binding protein 4 (RBP4, 
3 7 .4 -fo ld , P = 0 .0 0 3 ), Clcj and tum our necrosis factor related 
protein 3  (C 1Q TN F 3 , 2 0 .3 -fo ld , P  = 0 .0 0 7 ), microfibrillar- 
associated protein 4 (M FAP4 , 16 .5-fo ld , P  = 0 .0 0 1 ), PRELP 
(1 0 .7 -fo ld , P  = 0 .0 0 9 ), GPC3 (7 .1 -fold, P  = 0 .0 5 ), tenascin 
N  (T N N , 6 .7 -fo ld , P  = 0 .0 3 8 ), pleiotrophin (ININ, 6 .3-fo ld , 
P  = 0 .0 3 1 ) a n d  interleukin 11 receptor alpha (IL11RA, 5 .9- 
fo ld , P  = 0 .0 0 3 ). T he  s ig n ifican t exp ression  o f  all th ese  
genes fo r th e  c o m b in e d  su tu re  c o m p a r iso n  suggests th a t 
th ey  are  likely  to  b e  key reg u la to rs  o f  m o rp h o g en esis  in  all 
su tu res.
U nfused sag itta l sutures have a lo w er expression o f  the  
'unfused' class o f  genes
To analyse  th e  effect o f  su tu re  type  o n  gene  expression  w e 
u sed  tw o  m e th o d s  o f  analysis to  co m p are  g loba l expres­
s io n  d a ta  b e tw een  u n fu sed  co rona l, sagittal, an d  lam b- 
d o id  su tu res. W e th e n  co m p ared  resu lts from  th e  tw o  
m e th o d s  to  id en tify  th e  m o s t ro b u s t se t o f  d ifferen tia lly  
expressed  genes. For th e  3-w ay analysis w e u sed  a lin ea r 
m o d e llin g  a p p ro a c h  to  jo in tly  p e rfo rm  th ree  pair-w ise 
co m p ariso n s : co ro n a l vs sag itta l, la m b d o id  vs sagittal, an d  
la m b d o id  vs co ro n a l a n d  w e th e n  id en tif ied  w here  these  
g ro u p s  o v e rlap p ed  (Fig. 3). T h is p o o le d  a p p ro ach  p ro ­
v ides g rea te r sens itiv ity  a n d  sta tistical p o w er over m u ltip le  
d irec t co m p ariso n s , lln fu se d  sag itta l su tu res  w ere fo u n d  
to  have  3 4 0  p ro b e  sets d iffe ren tia lly  expressed  w h en  com -
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Increased
coronal - sagittal lambdoid - coronal
B
Decreased
coronal - sagittal lambdoid - coronal
F ig u r e  3
V e n n  d ia g ra m  o f  3 -w a y  un fuse d  s u tu re  c o m p a r is o n  resu lts . G lobal express ion d iffe rences w e re  com pared fo r  3 pa ir-w ise com ­
parisons (co ro n a l vs sagittal, lam bdoid  vs corona l, lam bdoid  vs sagittal). The sagittal su tu re  show ed the  g rea tes t d iffe rence in gene exp res­
sion to  th e  o th e r  tw o  sutures, fo llo w e d  by the  lam bdoid  su tu re . A )  Increased genes. 62 genes had s im ila r increased expression in corona l 
and lam bdo id  su tu res  com pared  to  sagittal su tu res and 33 genes had increased expression in lam bdoid  su tu res and s im ila r expression in 
co ro n a l and sagittal sutu res. B ) D ecreased genes. 188 genes had s im ila r decreased exp ression in unfused co rona l and lam bdoid  sutures 
com pared  to  unfused sagittal su tu res and 2 genes had decreased expression in lam bdoid  sutu res and s im ila r expression in co rona l and 
sagittal sutu res.
p a red  to  c o ro n a l su tu re s  a n d  323  w h e n  c o m p a re d  to  
la m b d o id  su tu res , w h ile  th e  c o ro n a l a n d  la m b d o id  
su tu re s  o n ly  h a d  77  p ro b e s  sets d iffe ren tia lly  expressed  
b e tw een  each  o th e r . F u rth e rm o re , 25 0  o f  th o se  p ro b e  sets 
d iffe ren tia lly  expressed  in  u n fu se d  sag itta l w ere  n o t d iffer­
e n tia lly  expressed  b e tw e e n  th e  co ro n a l a n d  la m b d o id  
su tu res . T h is  s u p p o r te d  th e  h ig h e r  co rre la tio n  o f  gene  
ex p ress io n  o f  d iffe ren tia lly  expressed  genes b e tw een  
u n fu sed  co ro n a l a n d  la m b d o id  su tu re s  seen  in  Figure 2. 
O f  th e se  2 5 0  p ro b e  sets, 62 w ere  increased  in  u n fu sed  
c o ro n a l a n d  la m b d o id  su tu res  a n d  188 w ere  decreased , 
c o m p a re d  to  th e  sag itta l su tu res  (Fig. 3 ). T he 3-w ay  a n a l­
ysis a lso  sh o w e d  th a t  35 p ro b e  sets w ere u n iq u e ly  
expressed  in  u n fu se d  la m b d o id  su tu res  c o m p a re d  to  co ro ­
n a l a n d  sag itta l su tu res  (33  in creased  a n d  2 decreased ).
T o c o n tro l fo r p a tien t-sp ec if ic  effects w e p e rfo rm e d  a set 
o f  sep a ra te  pa ir-w ise  c o m p a r iso n s  u s in g  a m a tc h e d  pairs 
design . In  th is  case w e first res tric ted  analysis to  p a tien ts  
w ith  a s a m p le  fro m  each  o f  th e  su tu re s  o f  in te re s t an d  
th e n  p e rfo rm e d  ana ly s is o n  th e  w ith in  p a tie n t d ifferences. 
A lis t o f  s ig n ifican t genes w ith  P <  0 .01  w as p ro d u c e d  from  
each  pa ir-w ise  c o m p a r iso n  (A d d itio n a l files 8, 9, 10).
T he  c o m b in a tio n  o f  th e  3 -w ay  a n d  pair-w ise  co m p a riso n s  
id e n tif ie d  100 p ro b e  sets s ig n ifican tly  (P < 0 .0 1 ) d iffe ren ­
tia lly  exp ressed  in  u n fu sed  sag itta l su tu res  c o m p a re d  to  
u n fu se d  co ro n a l an d  la m b d o id  su tu res . A m o n g st th e  to p  
te n  genes, seven  h ad  h ig h e r  ex p ressio n  in  u n fu sed  sag itta l 
su tu re s  a n d  tw o  h ad  lo w er ex p ression  c o m p ared  to  co ro ­
n a l a n d  la m b d o id  su tu res  (Fig. 4 ). O u ts id e  th e  to p  ten , 
genes w ith  s ig n ifican tly  decreased  expression  in  u n fu sed  
sag itta l su tu res  w ere  FGFR2, MSX2, G PC3, an d  WNT5A, 
w h ile  th e  W n t in h ib ito r  W IF I h a d  increased  expression . 
T he o bserved  tren d  w as th a t  u n fu sed  sag itta l su tu res have 
a low er ex p ression  o f  th o se  genes typ ica lly  associa ted  w ith  
an  u n fu se d  su tu re  s ta te  a n d  a h ig h e r  expression  o f  genes 
assoc ia ted  w ith  su tu re  fu s io n  (T able 3).
Unfused co ro na l and sa g itta l sutures have d iffe re n tia l 
expression o f  tra n sc rip tio n  fac to rs  com pared  to  lam bdo id  
sutures
A nalysis o f  th e  u n fu se d -su tu re  co m p ariso n  d a ta  w ith  
respect to  genes d iffe ren tia lly  expressed  by  u n fu sed  la m b ­
d o id  su tu re s  id en tif ied  a large n u m b e r  o f  tran sc rip tio n  
factors. T h o se  d o w n -reg u la ted  w ith  respect to  co ro n a l an d  
sag itta l su tu res  in c lu d ed  FOS, FOSB, JU N, JU NB, and  
C AR T1 ; all h a v in g  a te n d e n c y  fo r g rea te r expression  in  th e  
c o ro n a l su tu re  (T able 3). T h o se  genes w ith  h ig h e r expres­
s io n  in  u n fu sed  la m b d o id  su tu res  in c lu d ed  tran sc rip tio n  
factors FOXD 1, M E O X2, H LF  a n d  BH LH 3.
M ic ro a rra y  results va lida ted  by rea l-tim e  q u a n tita tive  RT- 
PCR and W estern b lo t
Results fro m  th e  m ic ro a rray  analysis w ere v a lid a ted  by 
qRT-PCR fo r 11 o f  th e  m o s t h ig h ly  expressed  an d  sign ifi­
c an tly  d iffe ren tia lly  expressed  genes: e ig h t genes increased  
in  u n fu sed  su tu re  tissue, RBP4, C 1Q TN F 3, PRELP, GPC3, 
F rN , FM O D, C O L3A1, an d  COL8A2; an d  3 genes 
increased  in  fu s in g /fu sed  su tu re  tissue, W IF I, A N X A 3 , an d
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Intersect of 3 -W a y  and Matched Pairs P < 0.01 Genes 
C o r-S ag:L am b-S ag
7 n  ®  Coronal
Lambdoid 
■  Sagittal
FGR RASGRP2 IGLL1 HLF IL17R SLC7A6 NCF1 APOC1 TACC3 MKI67
F ig u re  4
T o p  te n  genes d iffe re n tia lly  expressed be tw een  unfused co rona l, la m bd o id  and sag itta l sutures. Genes com m only identified 
to  be differentially expressed (P < 0 .0 1) in unfused coronal and lambdoid sutures compared to  unfused sagittal sutures, using tw o  m eth­
ods o f m icroarray data analysis: 3-way and matched-pairs. Eight genes (FGR, RASGRP2, IGLLI, ILI7R, NCFI, APOCI, TACC3, and MKI67) 
have higher expression in unfused sagittal sutures and tw o  (HLF and SLC7A6) have low er expression compared to  unfused coronal and 
lambdoid sutures. HLF shows a gradient o f expression, highest in lambdoid, then coronal, then sagittal sutures, whereas the o th e r genes 
show  s im ilar expression in coronal and lambdoid sutures. For each gene listed, sutures are in patient order: coronal (#36, #46, #50, #58), 
lambdoid (#46, #58), sagittal (#36, #58).
CYFIP2. The Affymetrix p robe  set for C1QTNF3 targeted 
tw o transcripts and  therefore tw o transcript-specific p rim ­
ers sets w ere designed. G ene expression was analysed 
using  10 o f  the sam e RNA sam ples w hich underw ent 
m icroarray  analysis (Table 1). A linear correlation  was cal­
culated  for each transcrip t for th e  com parison  o f  expres­
sion  values o b ta ined  by qRT-PCR and  m icroarray analysis 
(Table 5). An average correlation  o f  90%  was observed for 
all genes analysed, validating  th e  m icroarray results. Three
p rim er sets had  a correlation  coefficient sm aller than  
75% ; how ever, tw o o f  these p rim er sets d id  n o t am plify all 
isoform s detected by the ir corresponding Affymetrix 
p robe  set. The th ird  p rim er set was designed to  detect the 
long  isoform  o f  C1QTNF3. W hile this had  a correlation o f 
74%, the sho rt isoform  C l QTNF3 p rim ers had  99%  corre­
lation, suggesting th a t it is th e  short isoform  o f  C1QTNF3 
th a t is differentially  expressed.
Table 5: Linear correlation between microarray and qRT-PCR data.
Gene Probe Set Slope Correlation
ANXA3 209369_at 0.881 0.978
WIFI 204712_at 0.850 0.982
CYFIP2 220999_s_at 0.785 0.748
PTN 2 1 1737_x_at 1.063 0.905
PRELP 204223_at 0.755 0.938
FMOD 202709_at 0.867 0.851
CIQTNF3 long isoform 220988_s_at 1.774 0.738
CIQTNF3 short isoform 220988_s_at 0.806 0.990
RRP4 2 19 140_s_at 1.100 0.968
GCP3 209220_at 1.036 0.929
COL8A2 221900_at 1.261 0.854
COL3AI 2l5077_at 0.767 0.709
Average Correlation 0.896
The average correlation for all probe sets is approximately 90%, not including the correlation o f the long isoform of CIQTNF3. The short isoform 
o f C IQ TNF3 had 99% correlation, indicating that the short and not the long isoform of C IQTNF3 is differentially expressed between unfused and 
fused sutures.
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T o fu r th e r  ex am in e  th e  d iffe ren tia l ex p ression  o f  genes 
b e tw e e n  fused , fu s ing  a n d  u n fu se d  su tu res  id en tif ied  by 
m ic ro a rray  ana ly s is w e u sed  qRT-PCR to  q u a n tify  expres­
s io n  o f  all genes n o te d  ab o v e  u s in g  th e  10 v a lid a tio n  sa m ­
p les  a n d  25 a d d itio n a l sam p le s  fro m  13 n ew  p a tien ts  
(T ab le  1). A lth o u g h  th e  in itia l m ic ro a rray  h ie ra rch ica l 
c lu s te rin g  analyses (Fig. 2, A d d itio n a l file 4 ) in d ica ted  
th e re  w as lim ite d  d iffe rence  in  w h o le  g e n o m e  exp ression  
b e tw e e n  n o n -s y n d ro m ic  a n d  sy n d ro m ic  sam p les , th is  
an a ly s is  o n ly  in c lu d e d  sam p le s  from  o n e  sy n d ro m ic  
p a tie n t. W e th e re fo re  e x ten d e d  th is  c o m p a r iso n  by  an a ly s­
ing  qRT-PCR d a ta  o b ta in e d  fro m  th e  la rger c o h o r t o f  
p a tie n ts  w h ic h  in c lu d ed  7 sy n d ro m ic  p a tien ts , a n d  11 
n o n -s y n d ro m ic  p a tie n ts  in  to ta l. N o  sig n ifican t d ifference 
(P  < 0 .0 5 )  in  g en e  ex p ressio n  w as seen  b e tw een  n o n -sy n ­
d ro m ic  a n d  sy n d ro m ic  sam p les, w h e n  sep a ra ted  in to  
u n fu se d , fusing , a n d  fu sed  sta tes (Fig. 5A, A d d itio n a l file 
11). T h is  re su lt c lea rly  d e m o n s tra te s  th a t  sam p les  o f  d if­
fe ren t ae tio lo g ies  can  b e  c o m b in e d  to  investiga te  th e  g e n ­
eral m e c h a n ism s  o f  c ran io sy n o sto s is .
As th e  u n fu se d  su tu re  sam p le s  w h ich  u n d e rw e n t m ic ro a r­
ray a n d  qRT-PCR analyses w ere o b ta in e d  from  p a tien ts  
w ith  c ran io sy n o sto s is , th e re  is th e  p o ss ib ility  th a t th e ir  
g ene  ex p ressio n  pro files do  n o t tru ly  rep re sen t an  u n fu sed  
su tu re  from  an  in d iv id u a l w ith o u t cran io sy n o sto sis . C o n ­
seq u en tly , th e  exp ression  o f  th e  ab o v e  m e n tio n e d  genes 
w ere an a ly sed  in  u n fu se d  co ro n a l, la m b d o id , an d  
m e to p ic  su tu res  o b ta in e d  fro m  s im ila r age-m atched  in d i­
v id u a ls  w h o  w ere  u n d e rg o in g  tran sc ran ia l surgery  fo r rea­
so n s  o th e r  th a n  c ran io sy n o sto s is  (T able 1). N o  sign ifican t 
d ifference  (P  < 0 .0 5 ) in  gene  exp ression  w as observed  for 
th ese  u n fu sed  n o n -c ra n io sy n o s to s is  su tu res, c o m p a red  to  
u n fu sed  su tu res  fro m  in d iv id u a ls  w ith  c ran io sy n o sto sis  
(Fig. 5B). T h is p ro v id es p ro o f  o f  p rin c ip le  th a t  th e  analysis 
o f  gene  ex p ression  p ro files fro m  u n fu sed  su tu res  from  
c ra n io sy n o sto s is  p a tie n ts  is u sefu l in  th e  s tu d y  o f  su tu re  
m o rp h o g en esis .
qRT-PCR d a ta  w as th e n  c o m p a re d  be tw een  u n fused , fus­
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U nfused sagittal sutures also show ed higher expression 
than  unfused  coronal and  lam bdo id  sutures for those 
genes increased in  fused sutures (ANXA3  and  W IF I) (Fig. 
6A). These com bined  p a tien t results confirm ed the suture- 
specific analyses ou tlined  earlier (Table 3, Fig. 2). The 
qRT-PCR validation  experim ent also dem onstra ted  a vari­
able g rad ien t o f  expression betw een unfused, fusing, and 
fused sam ples for all genes analysed (Fig. 5A and  Fig. 6A). 
However, th is g rad ien t o f  expression is best analysed 
using  sam ples isolated from  the sam e sutures from  the 
sam e p a tien t th a t are undergo ing  various stages o f  fusion. 
Figure 7 show s th e  qRT-PCR data  from  5 sam ples isolated 
from  one  A pert syndrom e patien t (#90). Two fusing coro-
WIF1 ANXA3 CYFIP2
Figure 6
m R N A  and p ro te in  v a lid a tio n  o f  d iffe re n tia l expression id e n tif ie d  by m ic ro a rra y  analysis. A )  Real-time qRT-PCR analysis o f 
six genes w ith  increased expression in unfused sutures (RBP4, GPC3, CIQTNF3 short isoform, FMOD, PRELP, and P IN ) and three genes w ith  
increased expression in fused sutures (WIFI, ANXA3, and CYFIP2) fo r  unfused, fusing and fused suture tissue isolated from  sagittal, co ro ­
nal, lambdoid and m etopic sutures. Significant differential expression (P < 0.05, *; P < 0 .0 1, **) was analysed fo r fusing and fused sutures 
com pared to  unfused sutures. Mean expression + SEM is shown; n = 3 fo r all comparisons, except fused sagittal (n = 5), fused m etopic (n 
=  4), and fused lambdoid (n = 2). Absolu te  expression values represent molecules per ng cD N A . B) W este rn  b lo t analysis o f individual 
p ro te in  samples in the o rd e r seen in (C), fo r  collagen type I (C O L I), GPC3, C IQ T N F 3  and RBP4. C ) D ensitom etry analysis o f western 
blots normalised to  C O L I expression.
RBP4 GPC3 C1QTNF3 Short
Increased in unfused sutures
non-syndrom ic  and  syndrom ic patien ts together. Differ­
ential expression profiles were observed for all 11 genes 
analysed, a lthough  the level o f  differential expression var­
ied betw een suture sites (Fig. 6A, A dditional file 12). The 
greatest difference in  expression was observed for coronal 
sutures, fo llow ed closely by lam b d o id  sutures, w hile 
m etop ic  sutures had, in general, the  sm allest changes in 
expression betw een unfused  and  fused sutures. This later 
observation  is likely due to th e  find ing  th a t unfused 
m etop ic  su tures generally h ad  a low er level o f  expression 
o f  genes increased in  un fused  sutures (eg. C1QTNF3, 
FMOD  and  PTN) and  a h igher expression o f  genes w hich 
w ere increased in fused sutures (eg. W IFI and  A N XA3).
■  Cotonai I ¡LambdOKJ ■  Sagittal [" jM e to p ic  | j|]u n fu s e d  ^ F u s in g  | 
Increased in unfused sutures
FMOD PRELP PTN
Increased In fused sutures
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Q
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Figure 7
W ith in  p a t ie n t  c o m p a r is o n  o f  gene  e xp re ss io n  in  fused , fu s in g , and un fused  su tu re s . Gene expression was analysed in five 
su tu re  samples fro m  an A p e r t  synd rom e p a tien t (#90) by qRT-PCR.. A  g rad ien t o f express ion is seen fo r  all genes fro m  unfused sagittal 
(US), to  unfused m e to p ic  (U M ), early  fusing co rona l (FgEC), late fusing co rona l (FgLC), and fused co rona l (FC) sutures. A NXA3  and CYFIP2 
are increased highest in fused sutures, W IF I in fusing sutu res and all o th e r  genes have highest exp ress ion  in unfused sagittal sutures. 
Unfused M e to p ic  su tu res sho w  h igher exp ression  o f genes increased du ring  fusion and a lo w e r expression o f genes increased in o th e r 
unfused sutures. A bso lu te  exp ress ion  values re p re se n t m olecules p e r ng c D N A . E rro r  bars re p re se n t SEM fo r  tr ip lica te  technical re p li­
cates.
nal sam p le s  w ere  iso la ted  from  th is p a tie n t, o n e  d u rin g  
th e  early  stages a n d  o n e  d u rin g  th e  la te r stages o f  fu sion , 
a lo n g  w ith  a fu lly  fused c o ro n a l su tu re  a n d  u n fu se d  sag it­
ta l a n d  m e to p ic  su tu res . T he  d a ta  sh o w s th a t  A N X A 3  an d  
CYFIP2 a re  in creased  in  fu s in g  su tu res , b u t  are fu r th e r  
in c reased  in  fu lly  fused  su tu res , w h ereas W IFI h as  th e  
g rea test ex p ressio n  in  fu s in g  su tu res  a n d  is sligh tly  
d ecreased  o n ce  th e  su tu re  is fu lly  fused , h o w ev er th is  level 
re m a in s  ab o v e  u n fu se d  su tu res . T h is su b tle  d ifference  c a n ­
n o t  b e  seen  in  F igure 6A w h e re  fu s in g  su tu res  o f  d iffe ren t 
stages fro m  d iffe ren t p a tie n ts  are g ro u p e d  to g e th e r. Figure 
7 a lso  ag a in  h ig h lig h ts  th e  d ifference  in  ex p ression  o f  
u n fu se d  m e to p ic  su tu res , b e in g  c lo ser in  exp ression  to  fu s­
ing  su tu re s  th a n  o th e r  u n fu se d  su tu res  fo r a  n u m b e r  o f  
genes.
D iffe ren tia l p ro te in  ex p ressio n  w as assessed  by  W estern  
b lo t  ana ly s is fo r th re e  genes w ith  increased  ex p ression  in 
u n fu se d  su tu res , RBP4, C 1Q T N F3 a n d  G PC3 (Fig. 6B an d  
6C ). M icroarray  re su lts  in d ica ted  th a t co llagen  ty p e  I 
a lp h a  2 w as th e  m o s t a b u n d a n t  tra n sc rip t an d  w as n o t  d if­
fe ren tia lly  expressed  b e tw een  u n fu se d  an d  fused  su tu re  
tissues (1 .05  fo ld , T ab le  3 ). P ro te in  ex p ression  w as th e re ­
fore n o rm a lise d  to  COL1 fo r c o m p a ra tiv e  q u an tif ic a tio n . 
All th re e  p ro te in s  w ere  d iffe ren tia lly  expressed  in  a s im ila r 
p a tte rn  to  th a t  o b se rv ed  fo r th e  RNA ex p ressio n  d a ta , w ith  
a d ec reas in g  g ra d ie n t o f  ex p ressio n  o bserved  fo r un fu sed , 
fusing , a n d  th e n  fused  sam p les . A gain, lo w er ex p ressio n  o f
each  p ro te in  w as ob se rv ed  in  u n fu sed  m e to p ic  su tu res. 
H ig h er p ro te in  ex p ressio n  w as observed  in  tw o  fused  sag­
itta l su tu re s  (# 4 6  a n d  # 5 8 ) c o m p a re d  to  tw o  o th e r  fused 
sag itta l su tu re s  (# 5 0  a n d  # 6 0 ) T his m ay  b e  ex p la in ed  in 
p a rt b y  tissu e  stru c tu re . D u rin g  sa m p le  p re p a ra tio n  it w as 
n o te d  th a t # 4 6  a n d  # 5 8  su tu res  w ere  very  th in , flat b o n es  
m o re  rep resen ta tiv e  o f  d ev e lo p e d  calvaria, w h ile  # 5 0  a n d  
#6 0  w ere  m o re  a rche typa l, h av in g  en la rged  fu sed -su tu re  
ridges [5].
Unfused Lam bdo id  sutures express cartilage-specific  
m arkers
Increased  ex p ression  o f  COL10A1  a n d  COL2A1  w as id e n ­
tified  in  u n fu se d  la m b d o id  su tu res  an d  o n e  (# 5 8 ) o f  th e  
tw o  u n fu sed  sag itta l su tu re s  c o m p ared  to  all o th e r  s a m ­
p les (T able  3). T he u n fu sed  sag itta l su tu re  from  p a tie n t 
# 5 8  w as tak en  fro m  th e  ex trem e p o s te r io r  p o rtio n  o f  th e  
su tu re  very  close to  th e  la m b d o id  su tu re  (Fig. 1A). In all 
o th e r  gene  ex p ressio n  analyses th is  sam p le  g ro u p ed  w ith  
th e  o th e r  u n fu sed  sag itta l su tu re , verify ing  its co rrect clas­
s ifica tio n  as sag itta l su tu re  tissue . T he  exp ression  o f  ca rti­
lage-specific co llagens suggested , co n tra ry  to  co n v en tio n a l 
th in k in g , th a t  cartilage m ay  p lay  a ro le  in h u m a n  su tu re  
m o rp h o g en es is . H isto log ica l analysis o f  fused  an d  
u n fu sed  la m b d o id , co ro n a l, a n d  sag itta l su tu res  from  
a d d itio n a l p a tie n ts  to  th o se  u sed  fo r m icro array  analyses 
(T able  1), id en tif ied  cartilage o n ly  in u n fu sed  la m b d o id  
su tu res  (Fig. 8). C artilage  w as fo u n d  a t th e  tip s  o f  th e  oste-
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F ig u re  8
C artilage localisation in unfused sutures. A -B ) Serial H&E and A ldan blue stain o f righ t unfused lambdoid suture (#83) showing car­
tilage (boxed regions expanded in panels E and F, respectively) on e ither side o f suture mesenchyme (m). C ) Alcian blue stain o f left 
unfused lambdoid suture (#83) showing cartilage fron ts  (box) surrounding suture mesenchyme. D ) Cartilage fro n t from  panel C  (box) 
showing pro life ra ting (stacked cells) and hypertroph ic  (cells w ith  enlarged lacunae) chondrocytes in a cartilage (c) m atrix. E-F) Enlarged 
views o f boxed regions in A  and B, respectively showing H&E (E) and Alcian blue (F) stain o f righ t unfused lambdoid suture (#83) and 
highlighting cartilage interspersed w ith  calcified bone (b, dark pink). Hem atoxylin stains calcified m a trix  darker. G -H ) Serial H&E (G) and 
Alcian blue (H) staining o f an unfused coronal suture (#83) showing no staining o f cartilage in (H ). I-J) H&E (I) and confocal im m unofluo­
rescence fo r  Collagen type X  (]) detected weak localisation (orange) in hypertroph ic  chondrocytes (ch), w ith  intense (yellow) punctate 
localisation in osteoclasts (m ulti-nucleated cells, arrowhead) adjacent to  the cartilage m a trix  o f unfused lambdoid sutures (#83). K )  C o l­
lagen type X  pro te in  was n o t detected in osteogenic fron ts  o f unfused coronal sutures (#83). Magnification: A -C , G -H: X3.2; D-F: X 1 2.5; 
Scale: l-K : 10 pm.
ogenic fronts w hich p ro truded  in to  th e  suture m esen­
chym e. This cartilaginous region was com posed  o f  w hat 
h isto logically  appeared to  be a region o f  proliferating  and 
hypertroph ic  chondrocytes, and  w as seen to  p ro trude  in to  
th e  osteoblastic  region w here calcification was occurring 
to  form  calvarial b o n e  (Fig. 8A -8F). The spatial expres­
sion  o f  COLX pro tein , w hich is a specific m arker o f  hyper­
tro p h ic  chondrocytes [41], w as investigated by confocal 
im m unofluorescence  (Table 1). COLX was found  to  be 
high ly  ab u n d a n t in  osteoclasts, w hich were localised to  
th e  edges o f  th e  cartilage m atrix  ad jacen t to  th e  bone 
m atrix. COLX was also expressed, b u t m ore weakly, by 
chondrocytes in the cartilage m atrix  (Fig. 81, I). COLX
expression was n o t identified  in any o ther su ture type 
(Fig. 8K).
D iffe rent spa tia l localisation ofRBP4 and GPC3 in unfused 
sutures
Tissue localisation  o f  RBP4 and  GPC3 was investigated 
using confocal m icroscopy in  fused and  unfused tissue 
from  coronal, sagittal, and  lam bdo id  sutures (Fig. 9). In 
all un fused  sutures, RBP4 was located in th e  cytoplasm , 
the m ost in tense stain ing being  in  osteocytes in the ou ter­
m ost region o f  bone  overlying the suture region on  the 
ectocranial b u t n o t th e  endocran ial surface (Fig. 9A, B, E). 
RBP4 expression was also observed in  osteoblasts at the 
osteogenic fronts (Fig. 9C, D), those  invaginating  the oste-
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Loca lisa tion  o f  RBP4 and G PC3 in  su tu re  tissue. A - B ) Immunofluorescence and H&E stain showing intense localisation (yellow) o f 
RBP4 in the cytoplasm o f osteocytes (oc) in ectocranial surface bone (unfused coronal suture, #83). C -D ) Serial immunofluorescence (C) 
and H&E sections (D ) showing RBP4 located in cells in the region between calcified tissue (b) and mesenchyme (m) (unfused left lambdoid 
suture, #83). E) RBP4 was no t detected on the endocranial surface o f unfused sutures (coronal, #83). F) RBP4 was localised to  the cyto­
plasm o f osteoblasts (ob) lining the developing bone, those being trapped in the osteoid (a rrow  head), and osteocytes (unfused coronal 
suture, #83). G ) Corresponding phase con tras t image to  the central region in (F). Fl) RBP4 was n o t detected in fused sutures. Red blood 
cells had weak autofluorescence (sagittal, #5). I-L ) GPC3 immunofluorescence (l) and H&E (j) detected pro te in  in mesenchymal cells 
close to  the tissue surface (a rro w  head) in the m id-suture region (unfused sagittal suture, #5). Membrane staining was observed fo r the 
cytoplasmic extensions o f mesenchymal cells adjacent to  calcified bone (K-L, unfused coronal suture, #83). J) H&E o f section deep to  (K) 
showing calcified bone pro trud ing  in to  intervening mesenchyme w ith  osteoblasts lining the bone. Scale: 10 pm
oid, and  by osteocytes at the b o n e  m argin  (Fig. 9F, G), bu t 
n o t in osteocytes distal from  the su ture  region. In the 
lam b d o id  sutures, RBP4 expression was also high in  oste­
ob lastic  cells lin ing  th e  cartilage fronts. N o specific sta in ­
ing was observed in fused sutures (Fig. 9H ).
G lypican 3 was m ost h igh ly  expressed in su ture  m esen­
chym e, particularly  ad jacent to  the osteogenic fronts.
There was d istinct cell surface stain ing  o f  m esenchym al 
cells, clearly show ing the delicate b ranching  o f  their cyto­
plasm ic extensions, form ing an  in terlacing netw ork 
th ro u g h o u t th e  suture space betw een bone  fronts (Fig. 
9J-L). O steoblasts lin ing  osteogenic fronts and  those 
recently  invaginated also had  m em branous stain ing 
although  considerably  weaker. There was also sta in ing  o f  
m esenchym al cells close to th e  tissue surface in the m id-
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su tu ra l reg ion  (Fig. 91). T h e  h ig h e r  exp ression  in  m e se n ­
ch y m al cells co rre la tes  w ith  th e  h ig h e r  m R N A  an d  p ro te in  
ex p ressio n  in  u n fu sed  c o m p a re d  to  fu s ing  a n d  fused 
su tu re s  (Fig. 6).
Discussion
H ere, w e h ave  id en tif ied  novel genes a n d  a tte m p te d  to  
g a in  a b ro a d e r  u n d e rs ta n d in g  o f  th e  v a rio u s m o lecu la r 
p a th w ay s  c o n tro ll in g  su tu re  m o rp h o g e n e s is  in  h u m a n s  
p o s tn a ta lly  by  an a ly s in g  g lo b a l gene  ex p ression  d iffer­
ences b e tw een  u n fu sed  su tu re s  a n d  p re m a tu re ly  fu s ing / 
fu sed  su tu re s  fro m  p a tie n ts  w ith  c ran io sy n o sto s is . T his is 
th e  first s tu d y  in  w h ic h  m ic ro a rray  analysis h as  b een  
ap p lie d  to  inves tiga te  d iffe ren tia l g en e  exp ression  in  
fused, fusing , a n d  u n fu se d  h u m a n  su tu res . W e id en tif ied  
d iffe ren tia lly  exp ressed  genes in  p a th w ay s  th a t h ave  b een  
a m a jo r  focus o f  s tu d y  in  c ran io sy n o sto s is , in c lu d in g  FGF, 
TGF(i a n d  EGF s ig n a llin g  p a th w ay s. In  a d d it io n , w e id e n ­
tified  genes fro m  th e  E p h /e p h r in  p a th w ay  th a t  has 
recen tly  b een  lin k ed  w ith  c ra n io sy n o sto s is  [32 ,33] an d  
th e  W n t p a th w a y  th a t  is in v o lv ed  o s te o b la s t d iffe ren tia ­
tio n  [42] a n d  tra n sd u c in g  FGFR signals [43]. A n u m b e r  o f  
novel genes w h ic h  m ay  h ave  im p o r ta n t ro les in  su tu re  
b io lo g y  a n d  w h ich  h ave  n o t  b e e n  p rev io u sly  lin k ed  w ith  
c ra n io sy n o s to s is  h ave  also  b een  id en tif ied , specifically  
RBP4, GPC3, a n d  C 1Q TN F 3. All th re e  are  a b u n d a n tly  
expressed  in  u n fu se d  su tu re s  a n d  are s ig n ifican tly  d o w n - 
reg u la ted  in  p re m a tu re ly  fu sed  su tu res.
A ro le  fo r  re t in o l b ind ing  p ro te in  4 in reg u la ting  re tin o ic  
ac id  induced  osteob last d iffe re n tia tio n
Retinol binding protein 4 (R BP 4 ) ex p ression  w as decreased  
3 7 -fo ld  in  p re m a tu re ly  fu sed /fu s in g  su tu res  c o m p a re d  to  
u n fu se d  su tu re s  by  m ic ro a rray  analysis. RBP4 is a secreta- 
b le  p la sm a  p ro te in  th a t  c lassica lly  tra n sp o rts  re tin o l from  
liver s to res  to  tissu es w h e re  it  u n d e rg o e s  ca ta ly tic  co n v er­
sio n  in to  re tin o ic  a d d  (RA) [44 ]. E x trahepatic  RBP4 
ex p ress io n  occurs in  a d ip o se , k idney , cartilage, a n d  b ra in  
tissu e  a n d  d u rin g  e m b ry o n ic  d e v e lo p m e n t o f  th e  oro facia l 
reg io n  [45-48], It h as  b een  sp ecu la ted  th a t tissue-specific  
ex p ressio n  o f  RBP4 is lin k ed  to  th e  b in d in g  o f  re tin o l from  
p la sm a  in  th e  im m e d ia te  v ic in ity  of, a n d  fo r specific use 
by, its tissu e  o f  o rig in  [49 ,50 ], O u r  f in d in g  o f  RBP4 in 
o steocy tes o n  th e  ec to c ran ia l surface  o f  b o n e  d irec tly  over- 
ly ing  th e  su tu re  m esen ch y m e  a n d  by  cells lin in g  th e  o s te ­
o g en ic  fro n ts , a n d  its d ra m a tic  d o w n re g u la tio n  in  su tu re  
fu s io n  n o w  im p lica te s  a ro le  fo r it  in  su tu re  m o rp h o g e n e ­
sis a n d  c ran io sy n o sto s is . At te ra to g en ic  levels, th e  m e ta b ­
o lite  o f  re tin o l, RA, causes c ra n io sy n o sto s is  a n d  o th e r  
d e v e lo p m e n ta l a n o m a lie s  [4 ,51 ,52 ], At p h y sio lo g ic  levels, 
how ever, RA represses g ro w th  o f  p re o s te o b la s tic  cells and  
e n h a n c e s  th e  ex p ression  o f  alkaline phosphatase, osteonec­
tin, osteopontin, collagen type I a n d  th e  o s te o b la s t specific 
tra n sc r ip tio n  fac to r R U N X 2  [53 ,54]. RA also  s tim u la te s  
BM P2  ex p ressio n  a n d  co o p e ra te s  to  in d u ce  o s te o b la s t d if­
fe re n tia tio n  [55], F u rth e rm o re , p r im a ry  ra t calvarial o s te ­
o b la s ts  tre a ted  w ith  RA h ave  increased  osteopontin 
ex p ression  an d  sw itch  fro m  p re d o m in a te ly  expressing  
FGFR2 to  FGFR1, re p re se n tin g  a sw itch  fro m  active p ro lif­
e ra tio n  to  o s te o b la s t d if fe re n tia tio n  [56], At ph y sio lo g ic  
levels, a fu n c tio n  o f  th is  m e ta b o li te  o f  re tin o l is there fo re  
to  su p p ress  p re o s te o b la s tic  p ro life ra tio n  a n d  activate  d if­
fe ren tia tio n . T h is ro le  o f  RA corre la tes w ith  th e  loca lisa ­
tio n , rep o rted  here, o f  RBP4, th e  specific tra n sp o rte r  o f  its 
p recu rso r, in cells lin in g  th e  ec toc ran ia l surface an d  th e  
osteo g en ic  fro n ts  o f  u n fu sed  su tu res  a n d  in  th o se  recen tly  
in v ag in a ted  in to  th e  o s teo id . RBP4 m ay  th e re fo re  rep re ­
sen t a p r im a ry  re g u la to r o f  o steogenesis  in  calvarial 
su tu re s  b y  m e d ia tin g  th e  av a ilab ility  o f  re tin o l an d  its s u b ­
se q u e n t c o n v e rs io n  to  RA. In su p p o r t  o f  th is , RBP4 k n o ck ­
o u t m ice  d ev e lo p  c ran ia l m a lfo rm a tio n s  [57], T aken  
to g e th e r  w ith  o u r  d a ta  o n  RBP4  exp ression  d u rin g  su tu re  
fu s io n  a n d  ep id em io lo g ica l ev idence  lin k in g  excess RA 
w ith  c ran io sy n o sto s is  an d  o th e r  d e v e lo p m e n ta l a n o m a ­
lies [4 ,5 1 ,5 2 ,5 8 ] w e sp ecu la te  th a t  p e r tu rb a tio n s  in  th e  
R B P4-retinol-RA  axis m ay  c o n tr ib u te  to  th e  o ccu rrence  o f  
cran io sy n o sto sis .
A ro le  fo r  g lyp ican  3 in m a in ta in in g  suture pa tency
G lyp ican  3 (G P C 3) is a cell surface h e p a ra n  su lfa te  p ro te ­
og lycan  w h ic h  b in d s  to  th e  ex trace llu la r surface o f  cells via 
a GP1 (g ly co sy l-p h o sp h a tid y l- in iso to l)  a n c h o r  a n d  is 
th o u g h t to  fac ilita te  in te ra c tio n  b e tw een  v a rio u s ligands 
a n d  recep to rs. L oss-o f-func tion  m u ta tio n s  in  GPC3 cause 
S im p so n -G o lab i B ehm el sy n d ro m e  (M IM  3 1 2 8 7 0 ), an 
overg row th  sy n d ro m e  w ith  m u ltip le  skele ta l a b n o rm a li­
ties (large p ro tru d in g  jaw , w id e n e d  nasal b ridge, u p tu rn e d  
nasal tip , a n d  b ro a d , sh o r t  h a n d s  a n d  fingers) th a t is asso ­
c ia ted  w ith  increased  cell p ro life ra tio n  [59]. O u r stu d y  
sh o w s th a t  GPC3 ex p ressio n  is decreased  7 -fo ld  in p re m a ­
tu re ly  fu sed /fu s in g  su tu res . G PC3 in te rac ts  w ith  FGF2, 
W N T5a, a n d  BMP-4 a n d  -7 w h ic h  are ligands o f  FGF 
recep to rs, W N T  recep to rs  (FZD s), a n d  BMP recep tors, 
respectively  [60 -62], all o f  w h ich  have  b een  vario u sly  
im p lica ted  in  reg u la tin g  o s te o b la s t fu n c tio n . M olecu lar 
s tu d ie s  sh o w  th a t  lo ss o f  G PC3 en h an ces  th e  lim b  p a tte rn ­
in g  defect o f  BM P4  h e te ro zy g o u s  m ice  [62] an d  th a t  GPC3 
can  b in d  FGF2 a n d  su p p ress  F G F 2-induced  cell p ro life ra ­
t io n  [61], G PC3 is a lso  ab le  to  reg u la te  th e  W n t signa lling  
pa thw ay . G PC3 k n o c k o u t m ice  ex h ib it an  in h ib it io n  o f  
th e  n o n -c a n o n ic a l W nt/JN K  sig n a llin g  p a thw ay , an d  ac ti­
v a tio n  o f  th e  can o n ica l W nt/(3-caten in  s ig na lling  p a th w ay  
[63]. C an o n ica l W nt/(3-C aten in  s ig n a llin g  p ro m o te s  o s te ­
o b la s t d if fe re n tia tio n  a n d  b o n e  accrual a n d  in h ib its  o s te ­
o b la s t a p o p to s is  (rev iew ed  in  [39]). W e sp ecu la te  th a t 
G PC3 co n tro ls  cell g ro w th  w ith in  su tu re  m esen ch y m e by 
reg u la tin g  th e  b io av a ilab ility  o f  FGFs, BMPs, a n d  W nts 
a n d  m ig h t th e re fo re  acts as a ga te -keeper o f  cell re sp o n ­
siveness in  th e  su tu re .
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A ro le  fo r  C IQ T N F 3  In su tu re  m orphogenesis
C 1Q TN F3 ( C l q  tu m o r  n ec ro s is  fa c to r  re la te d  p ro te in  3), 
also k n o w n  as C T R P 3 /ca rtd u c in , a n d  C O R S 26 , is a g ro w th  
factor th a t  h i th e r to  h a d  n o t  b e e n  lin k e d  to  su tu re  m o r­
ph o g en esis . O u r  m ic ro a r ra y  s tu d y  sh o w e d  th a t  C 1Q TN F 3  
expression  is d e c re a se d  2 0 -fo ld  in  p re m a tu re ly  fu s e d /fu s ­
ing su tu re s  a n d  qR T-PC R  a n a ly s is  d e te rm in e d  th a t  it  is th e  
short is o fo rm  o f  C 1Q T N F 3  th a t  is d if fe re n tia lly  exp ressed  
(Table 5 , Fig. 6A ). C 1Q T N F 3 reg u la te s  p ro life ra tio n  o f  
ch o n d ro cy tes  a n d  th e i r  p ro g e n i to r  cells d u r in g  b o th  p o s t­
natal a n d  e m b ry o n ic  d e v e lo p m e n t a n d  h a s  b e e n  sh o w n  to  
be u p -re g u la te d  d u r in g  BM P2 a n d  in s u lin  in d u c tio n  o f  
c h o n d ro cy te  d if fe re n t ia t io n  [64], C 1Q T N F 3 h a s  a lso  b e e n  
iden tified  as p ro m o tin g  p ro l ife ra tio n  a n d  m ig ra tio n  o f  
m ouse e n d o th e l ia l  MSS1 cells [65]. W ith  th e  d isco v e ry  o f  
C1Q TNF3  e x p re s s io n  in  u n fu s e d  a n d  fu s in g  tis su e  o f  all 
su tures (Fig. 6 ), w e  p re d ic t a n o v e l ro le  fo r th is  g ro w th  fac­
tor in th e  re g u la tio n  o f  o s te o p ro g e n ito r  p ro l ife ra tio n  a n d  
d iffe ren tia tio n  a t th e  o s te o g e n ic  fro n ts . G iven  o u r  f in d in g  
of ca rtilag e-sp ec ific  m a rk e rs  a sso c ia te d  w ith  p o s te r io r  
skull su tu re s  w e  sp e c u la te  th a t  C 1Q T N F 3 m ig h t a lso  b e  
involved in  c h o n d ro g e n e s is  in  a d d it io n  to  o s te o g e n e s is  in  
these su tu re s .
The id e n tif ic a t io n  o f  c a rtila g e  in p o s te r io r  sutures
Of p a rtic u la r  in te re s t w as th e  id e n tif ic a t io n  in  o u r  m ic ro ­
array e x p e r im e n t o f  in c re a se d  e x p re ss io n  o f  genes c o d in g  
for ca rtilag e -sp ec ific  collagens types II a n d  X  in  th e  tw o  
unfused la m b d o id  a n d  th e  u n fu s e d  sag itta l su tu re s  fro m  
the p o s te r io r  o f  th e  sk u ll. T h e  in v o lv e m e n t o f  ca rtilag e  in  
unfused la m b d o id  su tu re s  w as c o n f irm e d  h is to lo g ic a lly  
th rough  th e  o b se rv a tio n  w ith in  th e  re g io n  o f  th e  o s te o ­
genic fro n ts  o f  a c a r t ila g in o u s  m a tr ix  w h ic h  p ro tru d e d  
into th e  su tu re  m e s e n c h y m e  a n d  a d ja c e n t ca lc ified  b o n e  
m atrix (Fig. 8 ). In  a d d it io n , c o n fo c a l m ic ro sc o p y  lo ca lised  
collagen ty p e  X to  c h o n d ro c y te s  in  th e  ca rtilag e  m a tr ix  a n d  
in o s teo c las ts  a d ja c e n t to  ca rtilag e  (Fig. 81, J). Id e n tif ic a ­
tion o f  w h a t  is te rm e d  ’s e c o n d a ry  cartilag e ' h a s  b e e n  p re ­
viously n o te d  in  severa l h u m a n  ca lva ria l su tu re s , w ith  a 
high in c id e n c e  in  n o rm a l la m b d o id  su tu re s  [6 6 ,6 7 ] . It h as  
been p ro p o s e d  th a t  th is  s e c o n d a ry  cartilag e  m a y  d e v e lo p  
in re sp o n se  to  th e  h ig h e r  m e c h a n ic a l fo rces a p p lie d  to  th e  
posterio r re g io n  o f  th e  sk u ll d u r in g  g ro w th  as it p ro v id e s  
a m atrix  m o re  to le ra n t  to  c o m p re s s io n  [5], C artilag e  h as 
also b een  o b se rv e d  in  ro d e n t  su tu re s  w h e re  a c a r tila g in o u s  
plate u n d e r lie s  th e  la m b d o id  su tu re , p o s s ib ly  fo rm in g  a 
supportive s tru c tu re  o n  w h ic h  in t ra m e m b ra n o u s  o ss ifica ­
tion occu rs [24]. R ecen tly , c a rtilag e  a n d  c h o n d ro c y tic  
markers h av e  a lso  b e e n  id e n tif ie d  in  sag itta l su tu re s  o f  
transgenic m ic e  g e n e ra te d  w ith  th e  A p ert sy n d ro m e  
FGFR2 S 2 5 2 W  m u ta t io n  [68 ], T h e  cartilag e  w as lo ca ted  a t 
the ju n c tio n  o f  th e  p a rie ta l a n d  in te rp a r ie ta l b o n e s  w h ic h  
co rresponds to  th e  re g io n  f ro m  w h ic h  th e  su tu re s  w e id e n ­
tified as ex p re ss in g  ca rtilag e -sp ec ific  g en es  w ere  iso la ted . 
Im portan tly , w e  d e m o n s tra te d  th a t  ca rtilage  is p re s e n t
w ith in  th e  o s te o g e n ic  fro n ts , ra th e r  th a n  u n d e r ly in g  th e  
su tu re s  su g g es tin g  a fu n c t io n a l ra th e r  th a n  su p p o r tiv e  
ro le . R ecen tly , Sox9, a re g u la to r  o f  c h o n d ro g e n e s is , h a s  
b e e n  sh o w n  to  b e  u p re g u la te d  d u r in g  th e  in i t ia t io n  o f  
p o s te r io r  f ro n ta l su tu re  c lo su re  in  m ice , a lo n g  w ith  th e  
e x p re s s io n  o f  collagen types II a n d  X , fo llo w e d  b y  collagen 
type I a n d  osteocalcin e x p re s s io n  [69]. A ro le  fo r  e n d o c h o n ­
d ra l o s s if ic a tio n  w as th e re fo re  p ro p o s e d  to  c o n tro l fu s io n  
o f  th is  su tu re . A d d itio n a lly , c o lla g e n  ty p es  II a n d  agg recan  
h av e  b e e n  d e te c te d  in  p re o s te o g e n ic -c o n d e n s in g  m e s e n ­
ch y m e  a n d  th e  o s te o g e n ic  f ro n ts  o f  d e v e lo p in g  e m b ry o n ic  
ch ick  h e a d s  [70 ]. It w as  p ro p o s e d  th a t, in  ch ick e n s , n o r ­
m a l in t r a m e m b ra n o u s  o ss if ic a tio n  in c lu d e s  a tr a n s ie n t  
c h o n d ro g e n ic  p h a se . T h e  id e n tif ic a t io n , in  o u r  s tu d y , o f  
ca rtilag e  in  la m b d o id  s u tu re  m e s e n c h y m e  a lso  suggests 
th a t  c h o n d ro g e n e s is  p lay s  a ro le  in  h u m a n  s u tu re  m o r ­
p h o g e n e s is , p a r t ic u la r ly  in  th e  p o s te r io r  sk u ll.
D is tin c tiv e  tissue -typ e  spe c ific  gene expression d iffe rences
T h e  a n a ly s is  o f  g e n e  e x p re s s io n  in  th e  d if fe re n t su tu re -  
ty p es  in d ic a te d  th a t  g e n e  e x p re s s io n  p ro f ile s  o f  u n fu s e d  
m e to p ic  su tu re s  w e re  m o re  h ig h ly  c o rre la te d  w ith  th e  
ex p re ss io n  e x h ib ite d  b y  fu se d  su tu re s  fro m  o th e r  su tu re  
sites; sp ec ific a lly  th e y  sh o w e d  a s ig n if ic a n tly  lo w e r e x p re s ­
s io n  o f  th o s e  g en es in c re a se d  in  o th e r  u n fu s e d  su tu re s  
(Fig. 6A, 7 ). T h is  u n iq u e  e x p re s s io n  p ro f ile  m a y  h e lp  
e x p la in  th e  e a r l ie r  o c c u rre n c e  o f  m e to p ic  s u tu re  fu s io n  
d u r in g  d e v e lo p m e n t.  U n fu se d  c o ro n a l a n d  u n fu s e d  la m b ­
d o id  su tu re s  a lso  sh o w e d  very  s im ila r  e x p re s s io n  p ro file s . 
B o th  th e s e  su tu re s  a re  g e n e ra lly  fo rm e d  b y  o v e r la p p in g  
ca lv a ria l b o n e  f ro n ts , in  c o m p a r is o n  to  th e  b lu n t - e n d  
su tu re s  w h ic h  fo rm  th e  sag itta l a n d  m e to p ic  su tu re s  [5]. 
T h ese  su tu re s  a re  a lso  s im ila r  in  th a t  th e y  are  a  m e e tin g  o f  
b o n e s  o f  tw o  d if fe re n t d e v e lo p m e n ta l  o rig in s  (m e s o d e rm  
a n d  n e u ra l c res t ce lls) w h ile  th e  sag itta l a n d  m e to p ic  
su tu re s  a re  th e  m e e tin g  p o in t  o f  b o n e s  o f  o n e  o rig in , 
e ith e r  m e s o d e rm  o r  n e u ra l  crest, respec tive ly .
T ra n sc r ip tio n  fac to rs  a re  key  c o n tro lle rs  o f  th e  s ig n a ll in g  
cascad es ac tiv a te d  d u r in g  d e v e lo p m e n t. O f  th o s e  t r a n ­
sc r ip tio n  fac to rs  d if fe re n tia lly  ex p ressed  b e tw e e n  fu sed  
a n d  u n fu s e d  su tu re  tis su e  a m a jo r i ty  a lso  sh o w e d  s ig n if i­
c a n t e x p re ss io n  d iffe ren ces  b e tw e e n  su tu re  types. U n fu se d  
sag itta l su tu re s  h a d  a h ig h e r  e x p re ss io n  o f  h o m e o b o x  
g en es  S H O X 2  a n d  P A X 5  w h ic h  p o te n t ia l ly  d riv e  o s te o b ­
las t d if fe re n t ia t io n  a n d  g e n e ra lly  h a d  in c rea sed  e x p re ss io n  
in  fu sed  su tu re s . T h e  u n fu s e d  s a g itta l su tu re s  a lso  sh o w e d  
a lo w e r e x p re ss io n  o f  M S X 2 , SIX 2, PITX2, B H L H 3, a n d  
H LF  th a t  w e re  g e n e ra lly  in c re a se d  in  o th e r  u n fu s e d  
su tu re s  c o m p a re d  to  fu sed  su tu re s . G iven  th e  h ig h e r  fre­
q u e n c y  o f  n o n -s y n d ro m ic  c ra n io sy n o s to s is  in  th e  sag itta l 
su tu re  w e  sp e c u la te  th a t  a lo w e r e x p re s s io n  o f  tr a n s c r ip ­
t io n  fac to rs a sso c ia te d  w ith  u n fu s e d  su tu re s , a n d  a h ig h e r  
ex p re ss io n  o f  th o s e  a sso c ia te d  w ith  fu sed  su tu re s , m ig h t 
leave  th is  s u tu re  m o re  v u ln e ra b le  to  p re m a tu re  c lo su re .
Page 18 of 25
(page number not for citation purposes)
B M C  G enom ics  2007, 8:458 http://www.biomedcentral.eom/1471-2164/8/458
B oth u n fu se d  sag itta l an d  u n fu se d  co ro n a l su tu res  h a d  
s ig n ifican tly  h ig h e r  ex p ressio n  o f  m em b ers  o f  th e  FOS 
(FO S  a n d  FO SB) a n d  JUN (JU N  a n d  IU N B ) o n co g en e  
fam ilies  c o m p a re d  to  u n fu sed  la m b d o id  su tu res, p a rtic u ­
larly  fo r c o ro n a l su tu re s  (eg. FOSB  w as 5 4 .4 -fo ld  increased  
in  th e  c o ro n a l su tu res, c o m p a re d  to  20 .2 -fo ld  in  th e  sag it­
ta l su tu re s ) . T h ro u g h  h o m o -  a n d  h e te ro -d im e risa tio n , 
th e se  p ro te in s  fo rm  th e  AP-1 tra n sc rip tio n  com plex . 
Increased  Jun a n d  Fos ex p ressio n  occurs in  p rem a tu re ly  
fused  m o u se  su tu re s  in d u c e d  by  th e  ap p lic a tio n  o f  FGF2- 
so ak ed  b ead s  [71]. It w as suggested  th a t  FGF s ig na lling  
increases ex p ressio n  o f  th e  AP-1 co m p lex  w h ich  th e n  
in d u ces  ex p ressio n  o f  o s te o p o n tin  an d  o s te o b la s t d iffer­
e n tia tio n , re su ltin g  in  p re m a tu re  su tu re  c losu re . It is also  
k n o w n  th a t  th e  c o ro n a l a n d  sag itta l su tu res  are th o se  m o s t 
freq u en tly  affected  in  FGFR sy n d ro m ic  c ran io sy n o sto ses. 
W e th e re fo re  suggest th a t  th e  h ig h e r  ex p ression  o f  AP-1 
tra n sc r ip tio n  fac to r c o m p o n e n ts  in  co ro n a l a n d  sagittal 
su tu re s  m ak es th e m  m o re  re sp o n siv e  to  th e  increased  o r 
in a p p ro p r ia te  FGF s ig n a llin g  cau sed  by  g a in -o f-fu n c tio n  
FGFR m u ta tio n s . H ow ever, it w as a lso  observed  th a t 
u n fu se d  sag itta l su tu re s  h a d  d ecreased  ex p ressio n  o f  
FGFR2 c o m p a re d  to  th e  co ro n a l su tu re . T his m ay  exp la in  
w h y  m u ta tio n s  in  th e se  genes m o s t c o m m o n ly  affect th e  
c o ro n a l su tu re  ra th e r  th a n  th e  sag itta l su tu re .
A n o th e r  im p o r ta n t f in d in g  fro m  o u r  m ic ro a rray  analysis 
w as th a t  th e re  w as lim ite d  d ifference  in  w h o le  g e n o m e  
ex p ressio n  b e tw een  n o n -s y n d ro m ic  a n d  sy n d ro m ic  
p a tie n t sam p les . T h is w as verified  by  qRT-PCR usin g  35 
sam p le s  from  7 sy n d ro m ic  a n d  11 n o n -sy n d ro m ic  
p a tien ts , an a ly s in g  11 genes d iffe ren tia lly  expressed  
b e tw een  u n fu se d  an d  fused  su tu res . W e no te , how ever, 
th a t  th e se  genes w ere id en tif ied  as b e in g  s ig n ifican tly  d if­
fe ren tia lly  expressed  d u rin g  p re m a tu re  fu s io n  b y  u s in g  tis ­
su e  g ro u p s  w h ic h  c o n ta in e d  sam p les  fro m  p a tie n ts  w ith  
d iffe ren t ae tio lo g ies . T hus, w e specifica lly  id en tif ied  genes 
w h ich  w ere  n o t  specific  to  o n e  aetio logy . If th ese  tw o 
g ro u p s  o f  sam p le s  w ere  an a ly sed  in d e p e n d e n tly , it is 
likely  th a t  th e re  m ay  b e  a sm a ll p ro p o r tio n  o f  genes w h ich  
are d iffe ren tia lly  expressed  b e tw een  sam p les  from  
p a tie n ts  w ith  d iffe ren t a e tio lo g ies  a n d  th e se  genes w ill be 
d irec tly  re la ted  to  th e  m u ta tio n  o f  in itia tio n . H ow ever, in 
th is  s tu d y  w e w ere n o t so  in te re s ted  in  th ese  ae tio lo g y  sp e ­
cific in d ica to rs , b u t ra th e r  th e  genera l m e c h a n ism s  u n d e r ­
ly ing  c ran io sy n o sto s is . S ign ifican tly , th e  resu lts  fro m  o u r 
m ic ro a rray  h ie ra rch ica l ana ly s is s tu d y  in d ica te  th a t th e  
genes in v o lv ed  in  th e  p a th o g e n e s is  o f  d iffe ren t types o f  
c ra n io sy n o s to s is  are m o re  s im ila r  th a n  m ay  p rev iously  
h ave  b e e n  th o u g h t.
Conclusion
T h ro u g h  th e  ana ly s is  o f  h u m a n  su tu re  m a te ria l w e have 
id e n tif ie d  a large n u m b e r  o f  no v e l d iffe ren tia lly  expressed  
genes, th re e  o f  w h ich , RBP4, GPC3 a n d  C 1Q TN F 3, w e
believe  m ay  have s ig n ifican t reg u la to ry  ro les in  th e  c o n ­
tro l o f  b o th  su tu re  p a ten c y  a n d  g row th . F u rth e rm o re , w e 
have  id en tif ied  s ig n ifican t gene  ex p ression  d ifferences 
b e tw een  h u m a n  su tu res  fro m  d iffe ren t cran ia l sites an d  
id en tif ied  th e  in v o lv e m e n t o f  cartilage  in  p o s te r io r  calvar­
ial su tu res , p a rticu la rly  th e  la m b d o id  su tu re . T hese da ta  
o p e n  u p  n ew  av en u es o f  in v es tig a tio n  in  respect to  th e  
m o lecu la r m e c h a n ism s  u n d e rly in g  th e  d iffe ren t responses 
o f  calvarial su tu res  to  m u ta tio n s  cau sin g  c ran io synosto sis . 
T his in fo rm a tio n  is v ita l fo r th e  d e v e lo p m e n t o f  th e ra p e u ­
tic  agen ts to  c o n tro l skull g ro w th  in  ch ild ren  w ith  su tu ra l 
defects, as w ell as p ro v id in g  c lin ic ians w ith  a b e tte r  u n d e r ­
s ta n d in g  o f  th e  d e v e lo p m e n ta l m ech a n ism s  o p e ra tin g  in 
d iffe ren t su tu res.
Methods 
Tissue Samples
C alvarial su tu re  sam p le s  w ere o b ta in e d  fro m  p a tien ts  
u n d e rg o in g  tran sc ran ia l su rgery  fo r sy n d ro m ic  o r  n o n - 
sy n d ro m ic  c ran io sy n o sto s is . P a tien ts  w ere gen o ty p ed  for 
all k n o w n  FGFR1-3 a n d  TW IST1  m u ta tio n s  (T able 1) 
[72]. S am p les u sed  fo r m ic ro a rray  analysis  (n  = 16) w ere 
ta k e n  from  m ales (n  = 5) aged 3-7  m o n th s . A dd itio n a l 
sam p le s  u sed  fo r v a lid a tio n  e x p e rim en ts  (n  = 25) an d  h is ­
to lo g y  (n  = 9) w ere  tak en  from  fem ale  (n  = 8) a n d  m ale  (n 
= 10) p a tie n ts  aged 3 -4 0  m o n th s . A d d itio n a lly , six 
u n fu se d  su tu re  sam p les  w ere o b ta in e d  from  p a tien ts  aged 
1 day  to  91 m o n th s  u n d e rg o in g  tran sc ran ia l surgery  fo r 
reaso n s o th e r  th a n  c ran io sy n o sto s is  (T able 1). C o n se n t 
w as p ro v id ed  by  all g u a rd ia n s  in  lin e  w ith  th e  g u id e lin es  
o f  th e  R esearch E thics C o m m itte e  o f  th e  C h ild ren , Y outh  
an d  W o m e n 's  H ea lth  Service, A delaide , S o u th  A ustralia . 
S u tu re  tissu e  w as tak en  fro m  p re m a tu re ly  fu sed /fu s in g  
a n d /o r  p a te n t su tu re s  fro m  o n e  o r m o re  o f  th e  sagittal, 
co ro n a l, la m b d o id , a n d  m e to p ic  su tu res. T he site  a n d  
fu s io n  sta te  o f  sam p le s  u sed  fo r each  analysis type  are 
in d ica ted  in  T ab le  1. S p ec im en s u sed  fo r m icro array  a n a l­
ysis a n d  v a lid a tio n  ex p erim en ts  w ere s to red  in  RN A later 
(A m b io n , A ustin , TX, USA) a t -20  °C . S pecim ens u sed  for 
h is to lo g y  a n d  im m u n o flu o re sc e n c e  w ere fixed in  fo rm a­
lin , d ecalc ified  w ith  10%  EDTA, pH  7.4, by s tan d a rd  p ro ­
cedu res a n d  s to re d  in  100%  e th an o l.
3D C T  and M ic ro C T  scans
Stage o f  fu s io n  w as co n firm e d  by  assessing  3D  co m p u te r  
to m o g ra p h y  (CT) im ages tak en  p r io r  to  surgery. Selected 
su tu re  sam p le s  u n d e rw e n t M icroC T  analysis to  d e te rm in e  
th e  degree o f  fu s io n , as p rev io u sly  described  [73]. Briefly, 
tissues sam p le s  w ere p laced  in  RNAlater, en c lo sed  tigh tly  
in an  acrylic tu b e , a n d  ana ly sed  w ith  a SkyScan 1072 
M icroC T  scan n e r (SkyScan, A n tw erp , B elgium ). 2D 
im ages w ere u sed  to  g en era te  3D  reco n s tru c tio n s  u s in g  3D  
c rea to r so ftw are  (SkySkan).
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T o ta l RNA iso la tion
T issues u sed  fo r m ic ro a rray  ana ly s is a n d  v a lid a tio n  ex p er­
im e n ts  h a d  th e  su tu re  p ro p e r  (su tu re  m esen ch y m e  + 3 
m m  b o n e  o n  e ith e r  side  fo r u n fu sed  su tu res, o r  fused  
b o n y  ridge  + 3 m m  b o n e  o n  e ith e r  s id e  fo r fused  su tu res) 
d issec ted  fro m  all sp ec im en s  an d  th e  overly ing  pe ric ra ­
n iu m  w as rem o v ed . T issue sam p le s  w ere  cu t in to  30 -4 0  pg 
pieces fo r RNA ex trac tion , sn a p  frozen , c ru sh ed  be tw een  
cryogen ica lly  co o led  steel b locks, a n d  h o m o g e n ise d  in  2 
m l T R Ireagen t (M o lecu la r R esearch C en te r, C in c in n a ti, 
O H , USA) u s in g  a M ini-B ead-B eater-8  (B ioSpec P roducts, 
B artlesville, OK, USA). RNA w as iso la ted  fro m  su p e rn a ­
ta n t  fo llo w in g  re c o m m e n d a tio n s  by  N ad eri et al. [74], 
Briefly, sep a ra ted  a q u e o u s  p h a se  w as tw ice ex trac ted  w ith  
c h lo ro fo rm  a n d  p rec ip ita ted  w ith  1 v o lu m e  iso p ro p a n o l, 
0.1 v o lu m e  7.5 M a m m o n iu m  acetate , an d  5 p g /m l lin ea r 
p o ly ac ry lam id e  (A m b io n ) a t -20 °C  overn ig h t. P elle ted  
RNA w as w ash ed  tw ice w ith  7 0 %  e th a n o l a n d  resus­
p e n d e d  in  RNA S torage S o lu tio n  (A m b io n ). RNA extracts 
from  th e  sam e  sa m p le  w ere  co m b in e d . 10 pg o f  each  c o m ­
b in e d  RNA sa m p le  w as p u rified  an d  c o n c e n tra te d  to  
g rea te r th a n  3 0 0  n g /p l w ith  p h e n o l:c h lo ro fo rm :iso a m y l 
a lco h o l (2 5 :2 4 :1 ) ex trac tion . T o ta l RNA q u a lity  w as d e te r­
m in e d  b y  an a ly s in g  th e  in teg rity  o f  th e  28S a n d  18S ribos- 
o m a l b a n d s  o n  a n o n -d e n a tu r in g  1 .5%  agarose  Tris- 
b o ra te  bu ffe red  gel a n d  d e te rm in in g  RNA p u rity  b y  
A 2 6 0 :2 8 0  ra tio s  u s in g  UV spec tro scopy .
M ic ro a rra y  cD N A  synthesis, hyb rid isa tion , and scanning
RNA fro m  16 tissue  sam p le s  (T ab le  1) w as ana ly sed  u s in g  
th e  A ffym etrix  ex p ression  m ic ro a rray  H u m a n  U 133A  2.0 
G en eC h ip  p la tfo rm . C o n c e n tra te d  to ta l RNA w as p re ­
p a red  fo r h y b rid isa tio n  to  th e  G en eC h ip s  fo llo w in g  a one- 
cycle ta rg e t lab e llin g  p ro to c o l (A ffym etrix  G en eC h ip  
E xpression  A nalysis T echn ica l M an u a l) . RNA w as reverse 
tran sc rib ed  in to  d o u b le  s tra n d e d  cD N A  u sin g  S u p e rsc rip t 
II (In v itro g en , G a ith e rsb u rg , M D, USA) w ith  T 7 -o ligom - 
ers. Poly-A  RNA sp ik e -in  co n tro ls  w ere  a d d e d  a lo n g  w ith  
2 pg o f  to ta l RNA to  all cD N A  reac tions . B io tin  lab e lled  
cRNA w as p re p a re d  from  th e  cD N A  u s in g  th e  G en eC h ip  
IVT lab e llin g  system  (A ffym etrix, S an ta  C lara , CA, USA), 
w ith  in c u b a tio n  a t 3 7 “C fo r 16 h o u rs . 10 pg o f  frag­
m e n te d  cRNA w as h y b rid ised  to  each  A ffym etrix  U 133A  
2 .0  G en eC h ip . A rray h y b rid isa tio n , sta in in g , a n d  w ash in g  
w as carried  o u t fo llo w in g  m a n u fa c tu re 's  p ro to c o ls  u sin g  
th e  F lu id ics S ta tio n  4 0 0  (A ffym etrix). S ta ined  arrays w ere 
sc a n n e d  o n  a G en eC h ip  S can n er 3 0 0 0  (A ffym etrix) c o n ­
tro lled  b y  G C O S so ftw are  (A ffym etrix).
M ic ro a rra y  da ta  analysis
CEL files c o n ta in in g  p ro b e  in te n s ity  d a ta  w ere  an a ly sed  in  
R u s in g  B io co n d u c to r packages [75 ,76]. Q u a lity  co n tro l 
ana ly ses w ere  ca rried  o u t o n  p ro b e  level m o d e l (PLM ) 
n o rm a lise d  sam p les. N o rm a lise d  u n -sca led  s ta n d a rd  e rro r 
(N U SE ) b o x  p lo ts , M box  p lo ts , a n d  RNA d eg rad a tio n
p lo ts  w ere  ana ly sed  [77]. For sta tistica l analyses p ro b e  
in ten s ity  d a ta  w ere  n o rm a lise d  u s in g  th e  G en eC h ip  
R obust M u ltich ip  A verage (GCRM A) a lg o rith m , w h ich  
h as b een  sh o w n  to  p ro v id e  a g o o d  b a lan c e  be tw een  accu­
racy a n d  p rec is io n  [78], D iana-d iv isive  h ie ra rch a l c lu s te r­
ing  w as u sed  to  c lu s te r th e  m ic ro a rray  sam p les  b ased  on  
w h o le  g e n o m e  ex p ressio n  values. T o id en tify  d ifferen tia l 
gene  exp ression  th e  L im m a package w as u sed  to  fit lin ea r 
m o d e ls  to  th e  d a ta , in c o rp o ra tin g  an  em p irica l Bayes 
m o d if ic a tio n  o f  th e  s ta n d a rd  erro rs [79], False d iscovery  
ra te  a d ju s tm e n t o f  P-values w as p e rfo rm e d  to  a cco u n t fo r 
m u ltip le  te s tin g  [80]. C o rre la tio n  p lo ts  a n d  h ie ra rcha l 
trees w ere  g en e ra ted  u s in g  c lu s te r packages ava ilab le  in  R. 
G ene o n to lo g y  o v e r-rep re sen ta tio n  w as ana ly sed  u s in g  
G O T ree M ach ine , n o rm a lis in g  to  th e  U 133A  2 .0  gene  set, 
w ith  s ign ificance  se t a t P < 0.01 [81 ,82]. G ene se t e n ric h ­
m e n t analysis w as carried  o u t u s in g  GSEA v 2 .01 , c o m p a r­
ing  th e  ran k ed  list o f  2 -fo ld  d iffe ren tia lly  expressed  p ro b e  
sets to  gene  sets c l-c 4  (v 2 .sy m b o ls .g m t) [83 ,84]. G ene set 
exc lu s ion  w as se t a t m in  = 4, m ax  = 500 , w ith  1000 
w e ig h ted  p e rm u ta t io n s  execu ted . A 3-w ay  c o n tra s t m atrix  
w as crea ted  fo r th e  u n fu sed  su tu re  c o m p ariso n s : co ro n a l- 
sag itta l, lam b d o id -sag itta l, an d  la m b d o id -c o ro n a l. U sing  
th e  L im m a package a V enn  d iag ram  w as p ro d u c e d  for 
th o se  genes id en tif ied  to  b e  d iffe ren tia lly  expressed u sin g  
a n es ted  F-test a p p ro a c h  w h ich  gives p a rtic u la r a tte n tio n  
to  genes w h ich  are d iffe ren tia lly  expressed  (P  < 0 .01 ) 
u n d e r  2 o r  m o re  c o n d itio n s . T o c o n tro l fo r p a tie n t-sp e ­
cific effects d u e  to  th e  sm a ll sa m p le  size o f  th is  c o m p a r i­
so n , w e p e rfo rm e d  a se t o f  sep a ra te  p a ir  w ise c o m p a riso n s  
u s in g  a m a tch ed  pa irs  design . In  th is  case w e first restric ted  
analysis to  p a tie n ts  w ith  a sam p le  fro m  each  o f  th e  su tu res 
o f  in te rest, a n d  th e n  p e rfo rm e d  analysis o n  th e  w ith in  
p a tie n t d ifferences. A m a tch ed -p a irs  m a trix  w as c o n ­
s tru c ted  fo r an  u n fu sed  c o ro n a l- la m b d o id  c o m p a r iso n  
u s in g  sam p le s  fro m  p a tie n ts  #3 6  a n d  #4 6  a n d  a co ro n a l 
an d  sag itta l c o m p a r iso n  u s in g  sam p les  fro m  p a tien ts  #36  
an d  # 58 . A t- te s t w as p e rfo rm e d  b e tw een  u n fu sed  la m b ­
d o id  a n d  sag itta l sam p le s  fro m  p a tie n ts  #36 , #4 6  a n d  #58 . 
A lin ea r m o d e l in c o rp o ra tin g  an  em p irica l Bayes m o d if i­
ca tio n  w as a p p lie d  to  each  m a tch ed  pairs co m p a riso n . To 
id en tify  genes d iffe ren tia lly  expressed  in  u n fu sed  sagittal 
su tu res, th e  in te rsec tio n  o f  th e  3-w ay  an d  m a tch ed  pairs 
co ro n a l-sag itta l c o m p a r iso n  an d  lam b d o id -sag itta l c o m ­
p a riso n s  w as fo u n d .
R ealtim e q u a n tita tiv e  RT-PCR (qRT-PCR)
T otal RNA w as reverse tran sc rib ed  in to  cD N A  usin g  S uper­
sc r ip t III (In v itro g en ). T w o m ic ro g ram s o f  RNA w as ad d ed  
to  40  pi to ta l v o lu m e  reac tio n s  w h ic h  w ere carried  o u t fo l­
lo w in g  th e  m an u fac tu re r 's  p ro to co l. In a d d itio n  to  th e  
p a tie n t RNA sam p les, a c a lib ra to r RNA sam p le  w h ich  w as 
u sed  to  s ta n d a rd ise  a b so lu te  qRT-PCR results, w as tra n ­
scribed  in to  cDNA, c o lu m n  pu rified  (Q IA quick  PCR p u r i­
fica tio n  kit, Q iagen , C lifto n  H ill, VIC, A ustralia) and
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q u a n tif ie d  by  UV spec tro sco p y . cD N A  fro m  all sam p les  
w as d ilu te d  1/3 a n d  1 /1 2 0  w ith  TE (pH  8) an d  su p p le ­
m e n te d  w ith  h e rr in g  sp e rm  DNA to  1 n g /p l. T he 1 /1 2 0  
d ilu tio n s  w ere  u sed  fo r th e  am p lif ic a tio n  o f  th e  18S rRNA 
gene  a n d  th e  1 /3  d ilu tio n s  w ere  u sed  fo r th e  analysis o f  all 
o th e r  genes. A b so lu te  q u a n tif ic a tio n  w as carried  o u t using  
s ta n d a rd  curves g en e ra ted  by  serial d ilu tio n  o f  target 
a m p lic o n -c o n ta in in g  p la sm id s  (pG EM -T easy, P rom ega, 
A n n a n d a le , NSW , A ustra lia ) , to  cover u p  to  5 logs o f  
a m p lic o n  co p y  n u m b e r  p e r  m icro litre . All p rim ers  w ere 
d es ig n ed  to  ta rg e t th e  sam e  seq u en ce  as th e  m icro array  
p ro b es , to  ov erlap  ex o n -ex o n  ju n c tio n s , a n d  to  have  a 
m e ltin g  te m p e ra tu re  o f  6 0 °C  (A d d itio n a l file 13). R eal­
tim e  reac tio n s  w ere  carried  o u t u s in g  SYBR g reen  (A pplied  
B iosystem s, Foster City, CA, USA) o n  a AB1 P rism  7 0 0 0  
S eq u en ce  D e tec tio n  System  (A pp lied  B iosystem s). T w en ty  
m ic ro litre  reac tio n s  c o n ta in e d  2 pi o f  cD N A  a n d  0 .4  pM  
each  p rim e r. PCR am p lif ic a tio n  fo llo w ed  a tw o  step  
cycling  p ro to co l; 10 m in  d e n a tu ra tio n  a t 95 °C  fo llo w ed  
by  40  cycles o f  9 5 0 C fo r 15 s a n d  6 0 0 C fo r 1 m in . M elting  
cu rve an a ly s is  w as c o n d u c te d  to  co n firm  specific a m p li­
co n  am p lif ic a tio n . P a tie n t reac tio n s  w ere  p e rfo rm e d  in  
tr ip lic a te  a n d  s ta n d a rd  cu rve p o in ts  in  d u p lica te . ABI 
S eq u en ce  D e tec tio n  S oftw are v e rs io n  1.2 w as u sed  to  
d e te rm in e  sa m p le  C t va lues, w ith  th e  sam e  th re sh o ld  set 
fo r all reac tio n s . A b so lu te  co p y  n u m b e r  values ca lcu la ted  
fro m  s ta n d a rd  curves w ere  n o rm a lise d  to  a c a lib ra to r 
cD N A  sa m p le  (1 ng  w as u sed  fo r RT-PCR) b y  ca lcu la ting  
a ra tio  o f  th e  p a tie n t 18S C t to  th a t  o f  th e  c a lib ra to r sam ­
p le  18S C t. D ifferences b e tw een  sam p le s  w ere  ana ly sed  for 
lo g 10 tra n s fo rm e d  d a ta  by  S tu d e n t 's  t-test, w ith  sign ifi­
cance  se t a t P < 0 .05 .
W estern b lo t analysis
W h o le  tissu e  p ro te in  w as iso la ted  from  th e  T R Ireagent 
o rg an ic  p h a se  sep a ra ted  d u rin g  RNA ex trac tio n  fo llo w in g  
th e  m a n u fa c tu re r 's  in s tru c tio n s  a n d  re c o n s titu tin g  in  10 
M u rea . P ro te in  w as q u a n tif ie d  u s in g  th e  B io-Rad P ro te in  
A ssay (B io-R ad, R egent Park, NSW , A ustra lia) an d  25 ng  o f  
to ta l p ro te in  w as reso lv ed  by  10%  SDS-PAGE an d  tra n s ­
ferred  to  a H y b o n d -C  n itro c e llu lo se  m e m b ra n e  (A m m er- 
sh a m , N o rth . Ryde, NSW , A ustra lia ) . M em b ran es  w ere 
b lo ck ed  w ith  O dyssey  B locking B uffer (LI-CO R Bio­
sciences, L incoln , NE, LISA) d ilu te d  1:1 in TBS (50  m M  
TRIS pH  7.5 , 150  m M  N aC l) fo r 45 m in . A n tib o d ie s  w ere 
d ilu te d  1:1 in  b lo c k in g  b u ffe r w ith  0 .1 %  T w een-20 . 
B locked m e m b ra n e s  w ere  p ro b e d  w ith  e ith e r  m o u se  m o n ­
o c lo n a l an ti-co llag en  ty p e  I (C O L1, 1:100, C a lb io ch em , 
A lexand ria , NSW , A ustra lia ) o r  g o a t a n ti-m o u se  C O R S 26/ 
C lq T N F 3  (1 :50 , R&D System s, M in n eap o lis , M N , USA) 
a n d  in c u b a te d  o v e rn ig h t a t 4 °C . C O L 1 -p ro b ed  m e m ­
b ra n e s  w ere  d o u b le  p ro b e d  w ith  ra b b it p o ly c lo n a l a n ti­
h u m a n  re tin o l-b in d in g  p ro te in  (RBP4, 1 :20000 , DAKO, 
B otany, NSW , A ustra lia ) fo r 1 h  a t ro o m  tem p e ra tu re  
(RT). M em b ran es  w ere  w ash ed  th ree  tim es  in  TBST (50
m M  TRIS p H  7.5, 150 m M  N aC l, 0 .1%  T w een -20 ) fo llo w ­
ing  p rim a ry  a n tib o d y  in c u b a tio n . A n tib o d y  b in d in g  to  
d o u b le  p ro b e d  m e m b ra n e s  w as de tec ted  by  in fra red  em is­
s io n  u s in g  g o a t a n ti-ra b b it A lexa F lo u r 680  (1 /2 0 0 0 0 , 
M o lecu la r p ro b es , E ugene, OR, USA) a n d  g o a t a n ti-m o u se  
IRDye 800  (1 :1 5 0 0 0 , R ock land , G ilbertsv ille , PA, USA). 
A n tib o d y  b in d in g  to  s ing le  p ro b e d  m e m b ra n e s  w as 
d e tec ted  w ith  d o n k ey  an ti-g o a t Alexa F luor 680  (1 :1 0 0 0 0 , 
M o lecu la r P robes). P ro te in  b a n d s  w ere  de tec ted  an d  
q u a n tif ie d  u s in g  th e  O dyssey  in fra red  im ag in g  system  (LI- 
C O R  B iosciences). D o u b le  p ro b e d  m e m b ra n e s  w ere 
s tr ip p e d  w ith  low  pH  s tr ip p in g  b u ffe r (25  m M  glycine- 
H CL pH  2, 1%  (w /v ) SDS) fo r 30  m in  at RT, fo llo w ed  by  
w a sh in g  in  TBST. S tr ip p ed  m e m b ra n e s  w ere b lo ck ed  in 
5%  sk im m e d  m ilk  in  TBST fo r 30  m in . M em b ran es  w ere 
p ro b e d  w ith  p r im a ry  sh eep  a n ti-h u m a n  g lyp ican  3 
(G PC 3, 1 :2000 , R&D System s), fo llo w ed  by  rab b it a n ti­
sh eep  h o rse ra d ish  p ero x id ase -co n ju g a ted  a n tib o d y  
(1 :2 0 0 0 , C h e m ic o n )  an d  im m o b ilo n  W estern  S ubstra te  
(M illipo re , N o r th  R yde NSW , A ustra lia). A n tib o d ies  for 
G PC3 d e tec tio n  w ere  d ilu te d  in  5%  sk im m ed  m ilk  in  
TBST a n d  in c u b a te d  fo r 1 h  a t RT. For d en sito m etry , GPC3 
b lo ts  w ere sc a n n e d  u s in g  th e  O dyssey  im ag ing  system  (LI- 
C O R  B iosciences).
Im m unofluorescence con foca l m icroscopy
Fixed a n d  decalc ified  sp ec im en s  w ere d eh y d ra ted  th ro u g h  
a g rad ed  e th a n o l series a n d  e m b e d d e d  in  paraffin . Sec­
tio n s  w ere  cu t to  3 p m  th ickness, m o u n te d  o n  3 -am in o t-  
r ie th o x y silan e  (A PE S)-coated slides a n d  in cu b a ted  fo r 16 
h  a t 6 0 °C , fo llo w ed  b y  7 h  a t 3 7 ° C. S ections w ere depar- 
a ffin ised  an d  reh y d ra ted  in  d is tilled  H 20  fo r 5 m in . A n ti­
gen retrieval w as carried  o u t  u sin g  TEG b u ffe r (TR1S- 
EGTA, pH  9 .0 ) fo r RBP4 a n d  COLX a n d  TRIS-HC1 b u ffe r 
(pH  1.0) fo r G PC 3. All sec tio n s  w ere  in cu b a ted  a t 60- 
70  °C  o v e rn ig h t w ith  c o n s ta n t stirring . S lides w ere  co o led  
a n d  w ash ed  in  1 * PBS (pH  7 .4 ) b e fo re  in c u b a tin g  in 
b lo ck in g  b u ffe r (0 .3 %  casein , 0 .1 %  T w een-20 , in  1 x PBS 
pH  7 .4 ) fo r 15 m in . R abb it p o ly c lo n a l a n ti-h u m a n  RBP4 
(1 :2 0 0 0 , D AKO), sh eep  a n ti-h u m a n  G PC3 (1:50 , R&D 
System s), a n d  m o u se  m o n o c lo n a l an ti-co llagen  type  X 
(COLX, 1 :500 , S igm a-A ldrich , C astle  H ill, NSW , A us­
tra lia ) p r im a ry  a n tib o d ie s  w ere  in c u b a te d  fo r 1 h, fo l­
lo w ed  b y  w a sh in g  in  1 * PBS a n d  T w een  20  (0 .1% ). 
S ections w ere  in c u b a te d  w ith  c o rre sp o n d in g  seco n d ary  
a n tib o d ie s  (g o a t a n ti- ra b b it Alexa F lu o r 4 88 , d o n k ey  a n ti­
sh eep  Alexa F luo r 4 88 , g o a t an ti-m o u se  Alexa F lou r 48 8 ) 
fo r 1 h  a t RT fo llo w ed  by  w ash in g . All a n tib o d ie s  w ere 
d ilu te d  in  1 x PBS. S ections w ere  co v ers lipped  u s in g  Pro- 
Long G o ld  an tifad e  (In v itro g en ) an d  v iew ed w ith  a Leica 
TCS 4D  co n fo ca l laser sc an n in g  m ic ro sco p e  (Leica Laser 
T echno logy , H eidelbe rg , G erm an y ). S econdary  an tib o d ie s  
w as excita ted  w ith  a 4 8 8 -n m  laser an d  flu o rescen t ligh t 
d e tec ted  u s in g  a FITC b a n d  pass 5 2 0 -5 6 0  n m  b arr ie r filter. 
T he  co n tro ls  w ere  p re p a re d  in  th e  absence  o f  th e  p rim ary
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a n d  th e  seco n d a ry  a n tib o d ie s , a n d  w ith  b o th  an tib o d ie s  
b u t  w ith o u t an tig en  retrieval, a n d  w ere  negative  in  all 
cases.
H is to log y  and  ca rtilage  de tec tion
D ecalcified  fo rm a lin  fixed sp ec im en s w ere sec tio n ed  (3 
p m ), m o u n te d  o n to  A PES-coated slides, a n d  in c u b a te d  at 
60 °C  fo r 16 h. D ep ara ffm ised  a n d  reh y d ra ted  sec tions 
w ere  s ta in e d  w ith  1% A lcian  b lu e  in  3 %  a q u e o u s  acetic 
ac id  (p H  2 .5 ) to  d e tec t th e  p resen ce  o f  cartilage, o r h e m a ­
to x y lin  a n d  eo s in  fo r tissue  stru c tu re , a n d  m o u n te d  in  
D epex  (S igm a-A ldrich ). S ec tions w ere  im ag ed  u s in g  a 
b rig h tfie ld  m ic ro sco p e  (C arl Zeiss Jena, Jena, G erm any) 
e q u ip p e d  w ith  a D FC 480 d ig ita l cam era  (Leica M icrosys­
tem s).
A uthors' contributions
AKC p e rfo rm e d  RNA an d  p ro te in  iso la tio n  a n d  q u a n tif i­
ca tio n , RNA p ro cess in g  a n d  m ic ro a rray  sc a n n in g  a n d  da ta  
m in in g , re a ltim e  q u a n ti ta t iv e  RT-PCR a n d  W estern  b lo t 
v a lid a tio n  ex p erim en ts , co n fo ca l im m u n o flu o re sc e n c e  
a n d  h is to lo g ica l analysis o f  su tu re  tissues, a n d  d ra f ted  th e  
p ap e r. Im m u n o flu o re sc e n c e  a n d  h is to lo g ica l s ta in in g s 
w ere  rev iew ed  a n d  d iscussed  b y  AKC, IH , PA, a n d  BP. PJA 
co llec ted  th e  su tu re  sam p le s  a n d  p e rfo rm e d  décalc ifica­
tio n  a n d  fixa tion  o f  sp ec im en s. CRW  c o o rd in a te d  m ic ro ­
array  q u a lity  c o n tro l, d a ta  m in in g , an d  sta tistica l analysis 
o f  q u a n ti ta t iv e  RT-PCR v a lid a tio n  ex p erim en ts . BP 
assisted  w ith  d ra f tin g  o f  th e  p ap e r. AKC, AVD, BP, PA, PM, 
a n d  IH p a rtic ip a te d  in  s tu d y 's  design  an d  c o o rd in a tio n . 
All a u th o rs  have  rev iew ed  th e  m an u sc rip t. BP, IH, an d  
AKC w ere  th e  fina l e d ito rs  o f  th e  m an u sc rip t.
Additional material
A d d ition a l fd e  1
M ic ro a n a y  qua lity  control R N A  digestion plot. R N A  digestion plot, fo r  the 
16 R N A  samples hybridised to A ffym e trix  H um an expression U 133A  2 .0  
CeneChip m icroarrays. R N A  digestion p lo t compares expression intensity 
fo r  a ll probes w hich b ind  sequences in order o f  5 ' to 3 ' along a transcript, 
fo r  a ll probe sets on the CeneChip.
C lic k  here fo r  f ile
[h ttp :/ /w w w .b io m e d c e n tra l.c o m /c o n te n t/s u p p le m e n ta ry /1 4 7 1 -
2 1 6 4 -8 -4 5 8 -S l.p d f]
A d d ition a l file  2
M ic ro a n a y  qua lity  control N U S E  box plots. N orm alised unsealed stand­
a rd  e n o r (N U S E ) box blots fo r  the 1 (5 R N A  samples hybridised to A ffym e­
tr ix  H um an expression U 133A  2 .0  GeneChip m icroarrays. N U S E  box 
p lo t shows a ra tio  o f the N U S E  fo r  each probe set compared to a median  
value o f  the NUSEs across a ll arrays.
C lic k  here  fo r  f ile
[h t tp : / /w w w .b io m e d c e n tra l.c o m /c o n te n t/s u p p le m e n ta ry /1 4 7 1 -
2 1 6 4 -8 -4 5 8 -S 2 .p d f]
A d d ition a l fd e  3
M icroarray  qua lity  contro l M box plots. M box plots fo r  the 16 R N A  sam­
ples hybridised to A ffym etrix  H um an expression U 133A  2 .0  GeneChip 
microarrays. M  box p lo t shows the range o f fo ld  change (M )  fo r  each probe 
set expressed by one sample compared to the mean expression o f tha t probe 
set across a ll samples analysed.
C lic k  here fo r  f ile
[h ttp ://w w w .b io m e d c e n tra l.c o m /c o n te n t/s u p p le m e n ta ry /1 4 7 1 -
2 1 6 4 -8 -4 5 8 -S 3 .p d f|
A d d ition a l file  4
H ie ra rch ica l cluster based on whole genome expression. D iana  divisive  
hierarch ica l cluster o f  the 16 tissue samples analysed based on the expres­
sion intensity o f a ll probe sets on the microarray,
C lic k  here fo r  f ile
[h ttp ://w w w .b io m e d c e n tra l.c o m /c o n te n t/s u p p le m e n ta ry /1 4 7 1 -  
2 16 4 -8 -4 5 8 -S 4 .p d f]
A d d ition a l file  5
Genes w ith  >  2 -fo ld  d iffe re n tia l expression between sutures. L is t o f  the top 
829  d iffe ren tia lly  expressed genes w ith  > 2 -fo ld  d iffe ren tia l expression 
between fusing/fused and unfused suture tissue. A positive value indicates 
higher levels in fused sutures and a negative value indicates higher expres­
sion in  unfused sutures.
C lic k  here fo r  f ile
[h ttp ://w w w .b io m e d c e n tra l.c o m /c o n te n t/s u p p le m e n ta ry /1 4 7 1 -
2 1 6 4 -8 -45 8 -S 5 .x ls ]
A d ditional file  6
Enrichments plots generated by GSEA analysis fo r  selected sign ificantly  
correlated datasets. The colour bar depicts phenotype correlation based on 
ranking  m etric scores. Red indicates those genes w ith  increased expression 
in fused sutures and blue indicates those genes w ith  increased expression 
in  unfused sutures. Black bars represent genes ordered by the ir ranking  
w ith in  the 2 -fo ld  d iffe re n tia lly  expressed gene lis t between fused/fusing  
and unfused sutures.
C lic k  here fo r  f i le
[h ttp ://w w w .b io m e d c e n tra l.c o m /c o n te n t/s u p p le m e n ta ry /1 4 7 1 -
2 1 6 4 -8 -4 5 8 -S 6 .p d f]
A d d ition a l file  7
H & E  analysis o f suture tissue. A  large num ber o f white blood cells were 
observed in  the ca lvaria l tissue. The m a jo rity  o f  cells appear as lymphocytes 
(')■
C lic k  here fo r  f ile
[h ttp :/ /w w w .b io m e d c e n tra l.c o m /c o n te n t/s u p p le m e n ta ry /1 4 7 1 -
2 1 6 4 -8 -4 5 8 -S 7 .p d f]
A d d ition a l file  8
Genes iden tified  to be d iffe re n tia lly  expressed (P < 0 .0 1 )  by matched pairs 
analysis betiveen unfused coronal and sagitta l sutures. A  positive value 
indicates higher expression levels in  coronal sutures and a negative value 
indicates h igher expression in sagitta l sutures.
C lic k  here fo r  f ile
[h ttp ://w w w .b io m e d c e n tra l.c o m /c o n te n t/s u p p Ie n r ie n ta ry /1 4 7 1 -
216 4 -8 -45 8 -S 8 .x ls ]
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Additional file 9
Genes iden tified  to be d iffe ren tia lly  expressed (P  < 0 ,0 1 )  by matched pairs 
analysis between unfused lam bdoid and sagitta l sutures. A  positive value 
indicates h igher expression levels in  lam bdoid sutures and a negative value 
indicates higher expression in  sagitta l sutures.
C lic k  here fo r  f ile
[h ttp ://w w w .b io m e d c e n tra l.c o m /c o n te n t/s u p p le m e n ta ry /1 4 7 1 -
2 16 4 -8 -45 8 -S 9 .x ls ]
Additional file 10
Genes iden tified  to be d iffe re n tia lly  expressed fP  < 0 .0 1 )  by matched pairs 
analysis between unfused coronal and lam bdoid sutures. A  positive value 
indicates higher expression levels in coronal sutures and a negative value 
indicates h igher expression in  lam bdoid sutures.
C lic k  here fo r  f ile
[h ttp ://w w w .b io m e d c e n tra l.c o m /c o n te n t/s u p p le m e n ta ry /1 4 7 1 -
216 4 -8 -4 5 8 -S 1 0 .x ls ]
Additional file 11
Syndrom ic and non-syndrom ic sutures are not s ign ifican tly  d ifferent. P- 
values fro m  Student's t-test com paring gene expression between syndromic 
and non-syndrom ic samples fro m  fo r  each stage o f development. Samples 
fro m  d iffe ren t suture sites were combined fo r  analysis.
C lic k  here fo r  f ile
[h t tp : / /w w w .b io m e d c e n tra l.c o m /c o n te n t/s u p p le m e n ta ry /1 4 7 1 -
2 1 6 4 -8 -4 5 8 -S ll.x ls ]
A dditional file 12
qRT-PCR results fo r  the add itiona l genes not shown in  Figure GA. The 
long isoform  0 /C 1 Q T N F 3  had lim ite d  to no d iffe re n tia l expression 
between unfused, fusing, and fused suture from  the d iffe rent sites and was 
therefore not the h igh ly s ign ifican tly  d iffe re n tia lly  expressed isoform. 
C O L 8 A 2  and  C O L3A 1 had increased expression in unfused compared to 
fused sutures, except in  the sagitta l suture.
C lic k  here fo r  f i le
[h t tp : / /w w w .b io m e d c e n tra I.c o m /c o n te n t/s u p p le m e n ta ry /1 4 7 1 -  
2 1 6 4 -8 -4 5 8 -S 1 2 .p d f]
A dditional file 13
Primers used fo r  realtim e qRT-PCR.
C lic k  here fo r  f ile
| h ttp :/ /w w w .b io m e d c e n tra l.c o m /c o n  te n t/s u p p le m e n ta ry /1471- 
2 16 4 -8 -45 8 -S 1 3 .x ls )
Acknow ledgem ents
W e thank the families fo r their cooperation and interest; Prof. David J 
David who offered his patients to  be included in this study; D r Christina 
Theodoropolous fo r expert technical assistance w ith confocal microscopy; 
and D r Peter Self fo r conducting M icroCT analyses. Mutation detection was 
carried out by the South Eastern Area Laboratory Service, Molecular and 
Cytogenetics laboratory, Prince of Wales Hospital, NSW. This w ork  was 
supported by the Cooperative Research Centre fo r Diagnostics, Friends of 
the Australian Craniofacial Foundation, and the Australian Craniofacial 
Institute.
References
I . O pperm an LA: Cranial sutures as intramembranous bone 
growth sites. Dev Dyn 2000, 2 19:472-485.
2. Furtwängler JA, Hall SH, Koskinen-Moffett LK: Sutural morpho­
genesis in the mouse calvaria: the role o f  apoptosis. Acta Anot 
(Basel) 1985, 124:74-80.
3. W ilkie AO: Epidemiology and genetics of craniosynostosis. 
Am  J M e d  Genet 2000, 90:82-84.
4. Yip JE, Kokich VG, Shepard TH: The effect of high doses of retin- 
oic acid on prenatal craniofacial development in Macaca 
nemestrina. Teratology 1980,21:29-38.
5. Cohen MM Jr.: Sutural biology and the correlates of craniosyn­
ostosis. Am J M e d  Genet 1993, 47:581 -6 16.
6. Muenke M, W ilkie AO: Craniosynostosis Syndromes. In The Met- 
abolic and M o lecu la r Bases o f  Inherited Disease Volume 3. 8th edition. 
Edited by: Sciver CR, Beaudet AL, Sly WS, Valle D, Childs B and 
Vogelstein B. New York, McGraw-Hill; 2000:61 17-6146.
7. Rice DP: Craniofacial anomalies: from development to 
molecular pathogenesis. C urr M o l M e d  2005, 5:699-722.
8. Roth DA, Longaker MT, McCarthyJG, Rosen DM, McMullen HF, Lev­
ine JP, SungJ, Gold LI: Studies in cranial suture biology: Part I. 
Increased immunoreactivity for TGF-beta isoforms (beta I, 
beta 2, and beta 3) during rat cranial suture fusion. ]  Bone 
Miner Res 1997, 12:31 1-321.
9. Opperman LA, Chhabra A, Cho RW, Ogle RC: Cranial suture 
obliteration is induced by removal of transforming growth 
factor (TG F)-beta 3 activity and prevented by removal of 
TGF-beta 2 activity from fetal rat calvaria in vitro. J Craniofac 
Genet Dev Biol 1999, 19:164-173.
10. Lee MH, Kim YJ, Kim HJ, Park HD, Kang AR, Kyung HM, SungJH, 
W ozney JM, Ryoo HM: BMP-2-induced Runx2 expression is 
mediated by Dlx5, and TGF-beta I opposes the BMP-2- 
induced osteoblast differentiation by suppression of Dlx5 
expression. J Biol Chem  2003, 278:34387-34394.
11. Kim Hj, Rice DP, Kettunen PJ, Thesleff I: FGF-, BMP- and Shh- 
mediated signalling pathways in the regulation of cranial 
suture morphogenesis and calvarial bone development. 
D evelopm ent 1998, 125:1241-1251.
12. Jiang X, Iseki S, Maxson RE, Sucov HM, Morriss-Kay GM: Tissue ori­
gins and interactions in the mammalian skull vault. Dev Biol 
2002, 241:106-1 16.
13. Couly GF, Coltey PM, Le Douarin NM: The triple origin of skull 
in higher vertebrates: a study in quail-chick chimeras. Devel­
opment 1993, I 17:409-429.
14. Morriss-Kay GM, W ilk ie AO: Growth of the normal skull vault 
and its alteration in craniosynostosis: insights from human 
genetics and experimental studies. J A n a t 2005, 207:637-653.
15. Spector JA, Mehrara BJ, Greenwald JA, Saadeh PB, Steinbrech DS, 
Smith LP, Longaker MT: A molecular analysis of the isolated rat 
posterior frontal and sagittal sutures: differences in gene 
expression. P/ast Reconstr Surg 2000, 106:852-861; discussion 862- 
867.
16. Song HM, Sahar DE, Fong KD, Nacamuli RP, Fang TD, Mathy JA, 
Aalami O O , W arren SM, Longaker MT: In vitro murine posterior 
frontal suture fate is age-dependent: implications for cranial 
suture biology. Plast Reconstr Surg 2004, 113:1192- i 204.
17. Nacamuli RP, Fong KD, W arren SM, Fang TD, Song HM, Helms JA, 
Longaker MT: Markers of osteoblast differentiation in fusing 
and nonfusing cranial sutures. Plast Reconstr Surg 2003, 
I 12:1328-1335.
18. Mehrara BJ, Mackool RJ, McCarthy JG, Gittes GK, Longaker MT: 
Immunolocalization of basic fibroblast growth factor and 
fibroblast growth factor receptor-1 and receptor-2 in rat 
cranial sutures. Plast Reconstr Surg 1998, 102:1805-1817; discus­
sion 1818-1820.
19. Gosain AK, Recinos RF, Agresti M, Khanna AK: TGF-betal, FGF- 
2, and receptor m RNA expression in suture mesenchyme 
and dura versus underlying brain in fusing and nonfusing 
mouse cranial sutures. Plast Reconstr Surg 2004, I I 3:1675-1684.
20. Bradley JP, Han VK, Roth DA, Levine JP, McCarthyJG, Longaker MT: 
Increased IGF-I and IGF-II m RNA and IGF-I peptide in fusing 
rat cranial sutures suggest evidence for a paracrine role of 
insulin-like growth factors in suture fusion. Plast Reconstr Surg 
1999, 104:129-138.
21. Zhou YX, Xu X, Chen L, Li C, Brodie SG, Deng CX: A Pro250Arg 
substitution in mouse Fgfrl causes increased expression of 
Cbfal and premature fusion of calvarial sutures. Hum Mol 
Genet 2000, 9:2001-2008.
Page 23 of 25
(page number not for citation purposes)
B M C  G en om ics  2007, 8:458 http://www.biomedcentral.eom/1471-2164/8/458
22. Marie PJ, Coffin JD, Hurley MM: FGF and FGFR signalling in 
chondrodysplasias and craniosynostosis. J Cell Biochem 2005, 
96:888-896.
23. Jabs EW, Li X, Scott AF, Meyers G, Chen W , Eccles M, Mao Jl, Char- 
nas LR, Jackson CE, Jaye M: Jackson-Weiss and Crouzon syn­
dromes are allelic with mutations in fibroblast growth factor 
receptor 2. Nat Genet 1994,8:275-279.
24. Iseki S, W ilk ie A O, Morriss-Kay GM: Fgfr I and Fgfr2 have distinct 
differentiation- and proliferation-related roles in the devel­
oping mouse skull vault. Development 1999, 126:5611-5620.
25. Rice DP, Aberg T, Chan Y, Tang Z, Kettunen PJ, Pakarinen L, Maxson 
RE, Thesleff I: Integration of FGF and T W IS T  in calvarial bone 
and suture development. Development 2000, 127:1845-1855.
26. Lyn Chong S, Mitchell R, Moursi AM, W innard P, Losken HW , Bradley 
J, Ozerdem OR, Azari K, Acarturk O, Opperman LA, Siegel Ml, 
Mooney MP: Rescue of coronal suture fusion using transform­
ing growth factor-beta 3 (Tgf-beta 3) in rabbits with delayed- 
onset craniosynostosis. Anat Rec 2003, 274A:962-97I.
27. Opperman LA, Nolen AA, Ogle RC: TGF-beta I , TGF-beta 2, and 
TGF-beta 3 exhibit distinct patterns of expression during 
cranial suture formation and obliteration in vivo and in vitro. 
J Bone Miner Res 1997, 12:301-310.
28. Chien HH, Lin W L, Cho Ml: Down-regulation of osteoblastic cell 
differentiation by epidermal growth factor receptor. Calcif 
Tissue Int 2000, 67:141-150.
29. Coussens AK, Hughes IP, W ilkinson CR, Morris CP, Anderson PJ, 
Powell BC, van Daal A: Identification of genes differentially 
expressed by prematurely fused human sutures using a novel 
in vivo - in vitro approach. Differentiation 2007 in press. [Epub 
ahead of print]
30. Walsh MC, Kim N, Kadono Y, Rho J, Lee SY, Lorenzo J, Choi Y: 
Osteoimmunology: interplay between the immune system 
and bone metabolism. Annu Rev Immunol 2006, 24:33-63.
3 I . M arrio tt I: Osteoblast responses to bacterial pathogens: a pre­
viously unappreciated role for bone-forming cells in host 
defense and disease progression. Immunol Res 2004, 30 :291 -308.
32. Merrill AE, Bochukova EG, Brugger SM, Ishii M, Pilz DT, Wall SA, 
Lyons KM, W ilkie AO, Maxson RE Jr.: Cell mixing at a neural 
crest-mesoderm boundary and deficient ephrin-Eph signal­
ing in the pathogenesis of craniosynostosis. Hum Mol Genet 
2006, 15:1319-1328.
33. Twigg SR, Kan R, Babbs C, Bochukova EG, Robertson SP, W all SA, 
Morriss-Kay GM, W ilk ie AO: Mutations of ephrin-BI (EFN B I), 
a m arker of tissue boundary formation, cause craniofronto- 
nasal syndrome. Proc Natl Acad Sei U S A  2004, 10 1:8652-8657.
34. W ilda M, Bachner D, Just W , Geerkens C, Kraus P, Vogel W , 
Hameister H: A comparison of the expression pattern of five 
genes of the family of small leucine-rich proteoglycans dur­
ing mouse development. J Bone Miner Res 2000, 15:2187-2196.
35. Svensson L, Narlid I, O ldberg A: Fibromodulin and lumican bind 
to the same region on collagen type I fibrils. FEBS Lett 2000, 
470:178-182.
36. Hildebrand A, Romaris M, Rasmussen LM, Heinegard D, Twardzik 
DR, Border W A , Ruoslahti E: Interaction of the small interstitial 
proteoglycans biglycan, decorin and fibromodulin with 
transforming growth factor beta. Biochem ]  1994, 302 (Pt 
2):527-534.
37. Li G, Bunn JR, Mushipe MT, He Q, Chen X: Effects of pleiotrophin 
(P TN ) over-expression on mouse long bone development, 
fracture healing and bone repair. Calcif Tissue Int 2005, 
76:299-306.
38. Oshima A, Tanabe H, Yan T, Lowe GN, Glackin CA, Kudo A: A 
novel mechanism for the regulation of osteoblast differenti­
ation: transcription of periostin, a m ember of the fasciclin I 
family, is regulated by the bhiLH transcription factor, twist.
J Cell Biochem 2002, 86:792-804.
39. Krishnan V, Bryant HU, Macdougald OA: Regulation of bone mass 
by W n t signaling. J Clin Invest 2006, 116:1202-1209.
40. Vaes BL, Dechering KJ, van Sortieren EP, Hendriks JM, van de Ven CJ, 
Feijen A, Mummery CL, Reinders MJ, Olijve W , van Zoelen EJ, 
Steegenga W T: Microarray analysis reveals expression regula­
tion of W n t antagonists in differentiating osteoblasts. Bone 
2005, 36:803-81 I.
4 !. Linsenmayer TF, Eavey RD, Schmid TM: Type X  collagen: a hyper­
trophic cartilage-specific molecule. Pathol Immunopathol Res 
1988, 7:14-19.
42. Gong Y, Slee RB, Fukai N, Rawadi G, Roman-Roman S, Reginato AM, 
Wang H, Cundy T, Glorieux FH, Lev D, Zacharin M, Oexle K, Marce- 
lino J, Suwairi W , Heeger S, Sabatakos G, Apte S, Adkins W N , A ll­
grove J, Arslan-Kirchner M, Batch JA, Beighton P, Black GC, Boles RG, 
Boon LM, Borrone C, Brunner HG, Carle GF, Dallapiccola B, De 
Paepe A, Floege B, Halfhide ML, Hall B, Hennekam RC, Hlrose T, Jans 
A, Juppner H, Kim CA, Keppler-Noreuil K, Kohlschuetter A, 
LaCombe D, Lambert M, Lemyre E, LetteboerT, Peltonen L, Ramesar 
RS, Romanengo M, Somer H, Steichen-Gersdorf E, Steinmann B, Sul­
livan B, Superti-Furga A, Swoboda W , van den Boogaard MJ, Van Hul 
W , Vikkula M, Votruba M, Zabel B, Garcia T, Baron R, Olsen BR, 
Warman ML: LDL receptor-related protein 5 (LRP5) affects 
bone accrual and eye development. Cell 2001, 107:513-523.
43. Mansukhani A, Ambrosetti D, Holmes G, Cornivelli L, Basilico C: 
Sox2 induction by FGF and FGFR2 activating mutations 
inhibits W n t signaling and osteoblast differentiation. J Cell Biol 
2005, 168:1065-1076.
44. Quadro L, Blaner WS, Salchow DJ, Vogel S, Piantedosi R, Gouras P, 
Freeman S, Cosma MP, Colantuoni V, Gottesman ME: Impaired ret­
inal function and vitamin A availability in mice lacking reti­
nol-binding protein. EmboJ 1999, 18:4633-4644.
45. Mukhopadhyay P, Greene RM, Zacharias W , W einrich MC, Singh S, 
Young W W  jr., Pisano MM: Developmental gene expression 
profiling of mammalian, fetal orofacial tissue. Birth Defects Res 
A Clin Mol Teratol 2004, 70:912-926.
46. Kawashima-Ohya Y, Kuruta Y, Yan W , Kawamoto T, Noshiro M, 
Kato Y: Retinol-binding protein is produced by rabbit 
chondrocytes and responds to parathyroid hormone (P TH )/ 
PTH-related peptide-cyclic adenosine monophosphate path­
way. Endocrinology 1999, 140:1075-1081.
47. Komatsu Y, Watakabe A, Hashikawa T, Tochitani S, Yamamori T: 
Retinol-binding protein gene is highly expressed in higher- 
order association areas of the primate neocortex. Cereb Cor­
tex 2005, 15:96-108.
48. Makover A, Soprano DR, W yatt ML, Goodman DS: Localization of 
retinol-binding protein messenger RNA in the rat kidney and 
in perinephric fat tissue. J Lipid Res 1989,30:171-180.
49. Quadro L, Blaner WS, Hamberger L, Van Gelder RN, Vogel S, Piant­
edosi R, Gouras P, Colantuoni V, Gottesman ME: Muscle expres­
sion of human retinol-binding protein (RBP). Suppression of 
the visual defect of RBP knockout mice. J Biol Chem 2002, 
277:30191-30197.
50. Quadro L, Blaner WS, Hamberger L, Novikoff PM, Vogel S, Piantedosi 
R, Gottesman ME, Colantuoni V: The role of extrahepatic retinol 
binding protein in the mobilization of retinoid stores. J Lipid 
Res 2004, 45:1975-1982.
51. Young DL, Schneider RA, Hu D, Helms JA: Genetic and tera­
togenic approaches to craniofacial development. Crit Rev Oral 
Biol Med 2000, I 1:304-317.
52. Morriss-Kay G: Retinoic acid and craniofacial development: 
molecules and morphogenesis. Bioessays 1993, 15:9-15.
53. Park CK, Ishimi Y, Ohmura M, Yamaguchi M, Ikegami S: Vitamin A 
and carotenoids stimulate differentiation of mouse osteob­
lastic cells. J Nutr Sci Vitaminoi (Tokyo) 1997, 43:281-296.
54. Jimenez MJ, Balbin M, Alvarez J, Komori T, Blanco P, Holmbeck K, 
Birkedal-Hansen H, LopezJM, Lopez-Otln C: A regulatory cascade 
involving retinoic acid, Cbfal, and matrix metalloprotein- 
ases is coupled to the development of a process of perichon- 
drial invasion and osteogenic differentiation during bone 
formation. J Cell Biol 2001, 155:1333-1344.
55. Gazit D, Ebner R, Kahn AJ, Derynck R: Modulation of expression 
and cell surface binding of members of the transforming 
growth factor-beta superfamily during retinoic acid-induced 
osteoblastic differentiation of multipotential mesenchymal 
cells. Moi Endocrinol 1993,7:139-198.
56. Song HM, Nacamuli RP, Xia W , Bari AS, Shi YY, Fang TD, Longaker 
MT: High-dose retinoic acid modulates rat calvarial osteob­
last biology. J Cell Physiol 2005, 202:255-262.
57. Quadro L, Hamberger L, Gottesman ME, Wang F, Colantuoni V, 
Blaner WS, Mendelsohn CL: Pathways of vitamin A  delivery to 
the embryo: insights from a new tunable model of embry­
onic vitamin A  deficiency. Endocrinology 2005, 146:4479-4490.
58. Gardner JS, Guyard-Boileau B, Alderman BW, Fernbach SK, Greene 
C, Mangione EJ: Maternal exposure to prescription and non­
prescription pharmaceuticals or drugs of abuse and risk of 
craniosynostosis. Int J Epidemiol 1998,27:64-67.
Page 24 of 25
(page number not for citation purposes)
B M C  G enom ics  2007, 8:458 http://www.biomedcentrai.eom/1471-2164/8/458
59. Pilia G, Hughes-Benzie RM, MacKenzie A, Baybayan P, Chen EY, 
Huber R, Neri G, Cao A, Forabosco A, Schlessinger D: Mutations in 
GPC3, a glypican gene, cause the Simpson-Golabi-Behmel 
overgrowth syndrome. Nat Genet 1996, 12:241-247.
60. De Cat B, Muyldermans SY, Coomans C, Degeest G, Vanderschueren 
B, CreemersJ, Biemar F, Peers B, David G: Processing by propro­
tein convertases is required for glypican-3 modulation of cell 
survival, W n t signaling, and gastrulation movements. J Cell 
Biol 2003, I 63:625-635.
61. Midorikawa Y, Ishikawa S, Iwanari H, Imamura T, Sakamoto H, Miya- 
zono K, Kodama T, Makuuchi M, Aburatani H: Glypican-3, overex­
pressed in hepatocellular carcinoma, modulates FGF2 and 
BMP-7 signaling. IntJ Cancer 2003, 103:455-465.
62. Paine-Saunders S, Viviano BL, Zupicich J, Skarnes W C , Saunders S: 
glypican-3 controls cellular responses to Bmp4 in limb pat­
terning and skeletal development. Dev Biol 2000, 225:179-187.
63. Song HH, Shi W , Xiang YY, Filmus j: The loss of glypican-3 
induces alterations in W n t signaling. J Biol Chem 2005, 
280:2116-2125.
64. Maeda T, Jikko A, Abe M, Yokohama-Tamaki T, Akiyama H, Furukawa 
S, Takigawa M, Wakisaka S: Cartducin, a paralog of Acrp30/adi- 
ponectin, is induced during chondrogenic differentiation and 
promotes proliferation of chondrogenic precursors and 
chondrocytes. J Cell Physiol 2006, 206:537-544.
65. Akiyama H, Furukawa S, Wakisaka S, Maeda T: CTRP3/cartducin 
promotes proliferation and migration of endothelial cells. 
Mol Cell Blochem 2007.
66. Hinton DR, Becker LE, Muakkassa KF, Hoffman HJ: Lambdoid syn­
ostosis. Part I: The lambdoid suture: Norm al development 
and pathology of "synostosis". J Neurosurg 1984, 61:333-339.
67. Pritchard JJ, Scott JH, Girgis FG: The structure and development 
of cranial and facial sutures. Journal of anatomy 1956, 90:73-86.
68. Wang Y, Xiao R, Yang F, Karim BO, lacovelli AJ, Cai j, Lerner CP, 
Richtsmeier JT, Leszl JM, Hill CA, Yu K, O rn itz  DM, Elisseeff J, Huso 
DL, Jabs EW: Abnormalities in cartilage and bone develop­
m ent in the Apert syndrome FGFR2(+/S252W) mouse. 
Development 2005, 132:3537-3548.
69. Sahar DE, Longaker MT, Quarto N: Sox9 neural crest determ i­
nant gene controls patterning and closure of the posterior 
frontal cranial suture. Dev Biol 2005, 280:344-361.
70. Nah HD, Pacifici M, Gerstenfeld LC, Adams SL, Kirsch T: Transient 
chondrogenic phase in the intramembranous pathway dur­
ing normal skeletal development. J Bone Miner Res 2000, 
15:522-533.
71. Kim HJ, Lee MH, Park HS, Park MH, Lee SW, Kim SY, Choi JY, Shin 
HI, Ryoo HM: Erk pathway and activator protein I play crucial 
roles in FGF2-stimulated premature cranial suture closure. 
Dev Dyn 2003, 227:335-346.
72. Anderson PJ, C oxT C , Roscioli T, Elakis G, Smithers L, David DJ, Pow­
ell BC: Somatic FGFR and T W IS T  mutations are not a com­
mon cause of isolated non-syndromic single suture 
craniosynostosis. J Craniofac Surg 2007, 18 :3 12-314.
73. Anderson PJ, Netherway DJ, David DJ, Self P: Scanning electron 
microscope and m lcro-CT evaluation of cranial sutures in 
health and disease. J Craniofac Surg 2006, 17:909-919.
74. Naderi A, Ahmed AA, Barbosa-Morais NL, Aparicio S, Brenton JD, 
Caldas C: Expression microarray reproducibility is improved 
by optimising purification steps in RNA amplification and 
labelling. BMC Genomics 2004, 5:9.
75. Gentleman RC, Carey VJ, Bates DM, Bolstad B, Dettling M, Dudoit S, 
Ellis B, Gautier L, Ge Y, Gentry J, Hornik K, Hothorn T, Huber W , 
lacus S, Irizarry R, Leisch F, Li C, Maechler M, Rossini AJ, Sawitzki G, 
Smith C, Smyth G, Tierney L, YangJY, ZhangJ: Bioconductor: open 
software development for computational biology and bioln- 
formatics. Genome Biol 2004, 5:R80.
76. Bioconductor: open source software for bioinformatics 
[http://www.bioconductor.orgJ
77. Bolstad BM: Low Level Analysis of High-density Oligonucle­
otide Array Data: Background, Normalization and Summa­
rization. Phd Thesis; Department of Biostatistics 2004 [http:// 
bmbolstad.com/Dissertation/Bolstad 2004 Dissertation.pdf], Berke­
ley, University o f California
78. W u Z, Irizarry R, Gentleman R, Murillo F, Spencer F: A model based 
background adjustment for oligonucleotide expression 
arrays. Journal of the American Statistical Association 2004, 99:909-917.
79. Smyth GK: Linear models and empirical Bayes methods for 
assessing differential expression in microarray experiments.
Statistical Applications in Genetics and Molecular Biology 2004, 3:Article
3.
80. Benjamini Y, Hochberg Y: Controlling the false discovery rate: a 
practical and powerful appraoch to multiple testing. J R Statis 
Soc 1995, B 57:289-300.
81. Zhang B, Schmoyer D, K irov S, Snoddy J: G O Tree Machine
(G O TM ): a web-based platform for interpreting sets of inter­
esting genes using Gene Ontology hierarchies. BMC Bioinfor­
matics 2004, 5:16.
82. Gene Ontology Tree Machine [http://bioinfo.v3nderbilt.edii/
gotm/J
83. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gil­
lette MA, Paulovich A, Pomeroy SL, Golub TR, Lander ES, MesirovJP: 
Gene set enrichment analysis: a knowledge-based approach 
for interpreting genome-wide expression profiles. Proc Natl 
Acad Sci U S A  2005, 102:15545-15550.
84. Gene Set Enrichment Analysis [http://www.broad.mit.edu/gsea]
Publish w ith  Bio M e d  Central and every 
scientist can read your work free o f charge
"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime. "
Sir P aul N urse , C a n c e r  R esea rch  UK
Y our research papers w ill be:
■ available free o f charge to  the entire biomedical community
• peer reviewed and published immediately upon acceptance
• cited in PubMed and archived on PubMed Central
• yours — you keep the copyright
S ubm it your m anuscrip t here: l"  If  B fO lV le d c e n tr a l
http://www.biomedcentral.com/info/publishing_adv.asp -
Page 25 of 25
(page number not for citation purposes)
ORIGINAL ARTICLE
JCP-08-0280(21586)
Jou rn al o f
3 1 «
1
F ' n y j í o l o g yIn Vitro Differentiation of Human 
Calvarial Suture Derived Cells 
With and Without Dexamethasone 
Does Not Induce in Vivo-Like 
Expression
ANNA K. COUSSENS,1'2* IAN P. HUGHES,1 C. PHILLIP MORRIS,1 
BARRY C. POWELL ,2,3,4 A N D  PETER J. ANDERSON2,3,4
'Cooperative Research Centre for Diagnostics, Institute o f Health and Biomedical Innovation, Queensland University o f Technology, 
Kelvin Grove, QLD, Australia
2Women’s and Children’s Health Research Institute, North Adelaide, SA, Australia 
3 Discipline o f Paediatrics, Faculty o f Health Sciences, University o f Adelaide, Adelaide, SA, Australia 
4Australian Craniofacial Unit, Children’s, Youth and Women’s Health Service, North Adelaide, SA, Australia
O steogen ic supplements are a requ irem en t fo r  osteoblastic cell d iffe ren tia tion  during in v itro  cu ltu re  o f human calvarial suture-derived 
cell populations. W e  investigated the  ab ility  o f ascorbic acid and (¡-glycerophosphate w ith  and w ith o u t the addition o f dexamethasone to  
stim u la te  in v ivo-like  osteoblastic d iffe ren tia tion . Cells w e re  isolated fro m  unfused and prem ature ly  fused suture  tissue fro m  patients w ith  
syndrom ic and non-syndrom ic craniosynostosis and cu ltu red  in each osteogenic medium  fo r  varying lengths o f tim e. The effect o f media 
supplem entation was investigated w ith  respect to  the  ab ility  o f cells to  fo rm  m ineralised bone nodules and the  expression o f five 
os te od iffe ren tia tion  m a rke r genes (COLIA I, ALP, BSP, OC  and RU N X2 ), and five genes th a t are d iffe ren tia lly  expressed during human 
prem atu re  sutu re fusion (GPC3, RBP4,CI QTNF3, W IFI and FGF2). Cells fro m  unfused sutures responded m ore  s low ly to  osteogenic media 
bu t fo rm ed  com parable bone nodules to  fused su tu re-derived  cells a fte r 16 days o f cu ltu re  in e ith e r osteogenic media. H ow ever, gene 
expression d iffered between unfused and fused sutu re-derived cells, as did expression in each osteogenic medium. W hen  com pared 
to  expression in the  exp lant tissue o f orig in, ne ithe r m edium  induced a level o r  p ro file  o f gene expression sim ilar to  th a t seen in vivo. 
O vera ll, o u r results d em onstra te  th a t cells fro m  the  same suture  th a t are isolated during d iffe ren t stages o f m orphogenesis in v ivo, despite 
being de-d iffe ren tia ted  to  a sim ilar level in v itro , respond uniquely and d iffe ren tly  to  each osteogenic medium. Further, w e suggest tha t 
ne ithe r cell cu ltu re  m edium  recapitulates d iffe ren tia tion  via activation o f the  same genetic cascades as occurs in vivo.
J. Cell. Physiol. 9999: 1-9, 2008. ©  2008 W iley-LIss, Inc.
T h e  calvaria l s u tu re  c o m p le x  is a h e te ro gen eous  tissue 
co m p rise d  o f  o s te o b la s tic  m esenchym e, o s te o p ro g e n ito r  cells, 
p re os te ob las ts , os te ob las ts  and o s te o cy te s , as w e ll as cells fro m  
o th e r  de ve lopm en ta l lineages. E xp lan t c u ltu re  o f  o s te ob las tic  
cells de rive d  fro m  hum an calvaria l su tu re  tissue p ro v id e s  an in 
v i t r o  m o d e l to  s tu d y  th e  processes o f  bone  fo rm a tio n  w h ich  
inc ludes p ro g e n ito r  ce ll p ro life ra t io n  and o s te ob las t 
d iffe re n tia tio n  cou p led  via an inverse  re la tio n sh ip  (O w e n  e t al., 
1990; Malaval e t al., 1999). F u rth e rm o re , th e  c u ltu r in g  o f  cells 
d e rive d  fro m  unfused and p re m a tu re ly  fused su tu res  fro m  
pa tien ts  w ith  c ra n iosyno s tos is  fac ilita tes  p h e n o typ ic  and 
g e ne tic  investiga tions o f  p a th o lo g ic  processes such as 
d e re g u la tio n  o f  p ro life ra t io n , d iffe re n tia tio n , o r  o th e r  
p rocesses, such as apop tos is , w h ich  m ay re s u lt in th is  
cran io fac ia l d e ve lopm en ta l a b n o rm a lity  ( fo r  re v ie w , see 
O p p e rm a n , 2000; M o rris s -K a y  and W ilk ie , 2005). F o r the  
re su lts  f ro m  such e xp e rim e n ts  to  be a p p ro p r ia te ly  tra ns la te d  to  
th e  c lin ica l s itu a tio n , the  in v it ro  system  used to  investigate  
these  p a tie n t-d e rive d  cells m u s t th e re fo re  re la te  as close as 
possib le  to  th e  in v ivo  e n v iro n m e n t fro m  w h ich  th e y  w e re  
ob ta ined .
O s te o b la s t d e v e lo p m e n t is genera lly  subd iv ided  in to  th re e  
stages: ( I )  p ro life ra tio n , (2) e x tra c e llu la r m a tr ix  m a tu ra tio n , 
and (3) m ine ra lisa tio n  (O w e n  e t  al., 1990). In v it ro  analysis o f  
th e  d iffe re n t de ve lopm en ta l stages is co n d u c te d  using d iffe re n t 
c u ltu re  co n d itio n s : p ro life ra t io n  is analysed u n d e r m in im a l 
m e d ium , w h ile  d iffe re n tia tio n  and m a tr ix  m ine ra lisa tio n  are
analysed using m edia supp lem ented  w ith  va rio us  osteogen ic 
fa c to rs . T h e  capacity o f  cells to  d iffe re n tia te  is eva luated by th e ir  
a b ility  to  d e p o s it a co llagenous e x tra c e llu la r m a tr ix  (E C M ) and 
to  fo rm  bone nodules cons is ting  o f  m u lt ip le  layers o f  cells In a 
m ine ra lised  e x tra c e llu la r m a tr ix . T h e  stage o f  d iffe re n tia tio n  o f 
these  cells is es tim a ted  th ro u g h  an analysis o f  te m p o ra lly  
exp ressed d iffe re n tia tio n -a sso c ia te d  genes such as runt-related 
transcription factor 2 (R U N X 2 ), collagen type I (C O L IA I), alkaline
B.C. Powell and P.J. Anderson contributed jointly to  the direction 
o f the project.
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phosphatase (ALP), bone sialoprotein (BSP), and osteocalcin (OQ 
( fo r  re v ie w , see A u b in  and T r i f f i t t ,  2002). RUNX2 and COLIAI 
are  th e  ea rlie s t m a rke rs  o f  im m a tu re  o s te o p ro g e n ito r  cells, ALP 
is exp ressed in m a tu re  o s te o p ro g e n ito rs /p re o s te o b la s ts  and 
m a tu re  os teob las ts , and is d o w n -re g u la te d  w hen  m ine ra lisa tio n  
is w e ll p rog ressed . BSP is exp ressed tra n s ie n tly  tw ice , 
in it ia lly  in p r im it iv e  o s te o p ro g e n ito r  cells, and then  d u ring  
o s te o p ro g e n ito r  d iffe re n tia tio n  a fte r ALP up -reg u la tio n . Finally, 
OC is exp ressed in p o s t-p ro life ra tiv e  os teob las ts  co n c o m ita n tly  
w ith  m in e ra lisa tio n  (C a n d e lie re  e t  a l„  1999; Liu e t al., 2003).
A s d iffe re n tia tio n  o f  o s te o p ro g e n ito r  cells is d e pend en t 
up on  th e  fo rm a tio n  o f  an e x tra c e llu la r m a tr ix  (F ranceschi and 
Iyer, 1992), th e  s tandard  d iffe re n tia tio n  m ed ium  in c o rp o ra te s  
asco rb ic  acid, w h ich  is a c o fa c to r  in collagen m a tr ix  synthesis, 
and o rgan ic  phospha te  (e.g. p -g lyce ro p h o sp h a te ), to  p ro m o te  
m ine ra lisa tio n  (N e fuss i e t al., 1985; Franceschi, 1992). T h e  
se lec tio n  o f  an a p p ro p r ia te  m in im a l m edia  is also im p o rta n t 
due to  th e ir  basal co n c e n tra tio n s  o f  |3 -g lycerophosphate  
(G e rb e r and G w ynn , 2001). A  p r im it iv e  ca lva ria l-de rived  
o s te o p ro g e n ito r  cell p o p u la tio n  also ex is ts  in c u ltu re  w h ich  
o n ly  d iffe re n tia te s  th ro u g h  th e  a d d itio n  o f  specific  in d u c tive  
s tim u li such as g lu c o c o rtic o id s  (e.g. de xam ethasone), o th e r  
s te ro id s  (e.g. p ro g e s te ro n e ), and o th e r  fa c to rs  such as bone 
m o rp h o g e n e tic  p ro te in s  (T u rkse n  and A u b in , 1991; Hughes 
e t al., 1995; Ishida and H eersche, 1997).
T h e  use o f  these supp lem ents  crea tes  an a rtif ic ia l 
e n v iro n m e n t w h ich  m ay induce o s te o b la s tic  d iffe re n tia tio n  o f  
p a rtic u la r cell p o p u la tio ns , o r  m a tr ix  m ine ra lisa tio n  th a t m im ics 
in v ivo  bo ne  fo rm a tio n . H o w e v e r, i t  is u n like ly  th a t these 
processes w ill o c c u r th ro u g h  th e  ac tiva tio n  o f  th e  c o m p le x  
n e tw o rk  o f  pa thw ays th a t in te ra c t in v ivo  d u rin g  calvarial 
o s te o b la s t d iffe re n tia tio n  ( fo r  re v ie w , see Rice e t al., 2003; 
M o rris s -K a y  and W ilk ie , 2005). R ather, the  ph eno typ e  is m o re  
like ly  to  be de rived  th ro u g h  spec ific  ac tiva tio n  o f  a re s tr ic te d  
n u m b e r o f  pa thw ays n o t necessarily  re p re se n ta tive  o f  th e  in 
v ivo  s itu a tio n . Indeed, i t  is k n o w n  th a t dexam ethasone  affects 
FGFRI gene exp ress ion  d iffe re n tly  in v it ro  and in v ivo  (M e is inge r 
e ta l. ,  1996).
W e  have p re v io u s ly  sho w n  th a t a fte r exp la n t cu ltu re , 
irre s p e c tiv e  o f  th e  o r ig in  o f  calvaria l e xp la n t tissue , w h e th e r i t  
be unfused hum an su tu res  w h ich  are  p re d o m in a n tly  com prised  
o f  m esenchym e and o s te o p ro g e n ito r  cells, o r  p re m a tu re ly  
fused hum an calvaria l su tu res  w h ich  a re  p re d o m in a n tly  
co m p rise d  o f  d iffe re n tia te d  os te o b la s ts /o s te o cy te s , these  cells 
im m e d ia te ly  lose th e ir  in v ivo  spec ific  exp ress ion  p ro file  and 
d e -d iffe re n tia te  to  a s im ila r level (C oussens e t al., 2008). U n d e r 
m in im a l m e d ium  c o n d itio n s , th e  gene exp ress ion  o f  these 
d if fe re n t cell p o p u la tio n s  essentia lly  stabilises a fte r th e  f ir s t  
passage and an in v i t r o  specific  gene exp ress ion  p ro file  s im ila r to  
th a t o f  u n d iffe re n tia te d  o s te o b la s tic  cells is adop te d . Thus, 
th e  degree  to  w h ich  th e  c o m m o n ly  used m edia supp lem ents 
re s to re  th e  exp ress ion  p ro f ile  o f  these  d e -d iffe re n tia te d  cells to  
th a t seen in v ivo  is an im p o r ta n t q u es tion  fo r  os teogen ic-ce ll 
b io lo g is ts  to  cons ide r.
H e re , w e  have analysed th e  e ffe c t o f  tw o  os te oge n ic  m edia 
(s tanda rd  d iffe re n tia tio n  m e d ium  (D M E M ), w h ich  has re la tive ly  
lo w  P -g lyce roph osph a te  levels (G e rb e r and G w ynn , 2001) 
co n ta in in g  a sco rb ic  acid and p -g ly ce ro p h o sp h a te  w ith , and 
w ith o u t,  de xam ethasone) on  th e  ph eno typ e  and gene 
exp ress ion  p ro file s  o f  hum an calvaria l bo ne  e xp la n t cells 
iso la ted  fro m  b o th  unfused and p re m a tu re ly  fused calvarial 
su tu res  fro m  pa tien ts  w ith  s y n d ro m ic  and n o n -syn d ro m ic  
cra n iosyno s tos is . W e  com pare d  th e  induced gene exp ress ion  
p ro file s  b e tw een  b o th  cell types and also d e te rm in e d  if 
d iffe re n tia l exp ress ion  p ro file s  w h ich  a re  ob served  be tw een  
unfused and fused su tu re  tissues in v ivo  a re  m a in ta ined in v itro . 
Finally, as fused su tu res  re p re s e n t a fu lly  d iffe re n tia te d  tissue 
type , w e  also com pare d  th e  levels o f  gene exp ress ion  be tw een  
e xp la n t tissues and c o rre sp o n d in g  e xp la n t cells g ro w  in
oste oge n ic  supp lem ents  to  d e te rm in e  th e  a b ility  o f  o steogen ic 
supp lem en ts  to  induce in v ivo -like  d iffe re n tia tio n . Gene 
exp ress ion  w as analysed fo r  five  co m m o n  d iffe re n tia tio n  
m a rk e r genes. In a d d itio n , f ive  genes w e re  analysed th a t w e  had 
p re v io u s ly  id e n tifie d  to  e x h ib it high levels o f  d iffe ren tia l 
exp ress ion  be tw een  unfused and p re m a tu re ly  fused human 
calvarial tissues, nam ely glypican 3 (GPC3), retinol binding protein 4 
(RBP4), C lq and tumor necrosis factor related protein 3 
(Cl QTNF3),WNT inhibitory factor I (WIFI), and fibroblast growth 
factor 2 (FGF2) (C oussens e t al., 2007). W e  sh o w  th a t desp ite  
s tim u la ting  th e  fo rm a tio n  o f  a m ine ra lised  ECM, os teogen ic  
supp lem ents  added to  m in im a l m ed ium  genera lly  p ro d u ce  a 
lim ite d  m o d u la tio n  o f  gene exp ress ion . F u rth e rm o re , the  
induced exp ress ion  p ro file s  fo r  each m ed ium  w e re  un ique and 
also d iffe re d  depend ing  on th e  n a tu re  o f  th e  tissue  fro m  w h ich  
th e  d e -d iffe re n tia te d  cells w e re  iso la ted  (e.g. fused o r  unfused 
su tu res) Finally, none o f  these induced p ro file s  w e re  equ iva len t 
to  th o se  observed  in th e  tissues o f  o rig in .
M a te ria ls  and M eth o d s  
Suture samples
Calvarial sutu re samples w e re  obtained fro m  th ree  patients 
undergoing transcranial surgery fo r  craniosynostosis. C onsent was 
provided by all guardians in line w ith  the  guidelines received from  
the  Research Ethics C om m ittee  o f the  C hildren, Y ou th  and 
W o m e n ’s Health Service, Adelaide, South Austra lia . Patients 
w e re  previously genotyped fo r  all know n m utations in 
craniosynostosis-causing genes FGFR I -3  and TWIST I (Anderson 
e t al., 2007). Suture tissue was taken fro m  prem ature ly  fused 
corona l and lambdoid sutures fro m  a pa tient (male, 7 months) 
diagnosed w ith  A p e r t syndrom e (AP) and carrying an FGFR2 
S er252Trp m utation . Samples o f unfused coronal and lambdoid 
sutures w e re  taken fro m  a pa tien t (male, 7 m onths) w ith  
non-syndrom ic sagittal synostosis (NS) w ho  was negative fo r  FGFR 
and TWIST I m utations. Samples w e re  sectioned in to  tw o  parts on 
rem oval. Specimens used fo r  cell cu ltu re  w e re  placed in Ringers 
so lu tion  fo r  up to  4 h un til processed. Specimens used fo r  tissue 
R N A  e x trac tion  w e re  sto red  in R N A Ia ter (A m bion, Austin, T X ). 
T o  de term ine  if  the  phenotypic differences observed between 
the  cells derived fro m  non-syndrom ic and syndrom ic samples 
w e re  due to  the  d iffe ren t aetiologies o f craniosynostosis, cells w ere 
cu ltu red  fro m  unfused and prem ature ly  fused sections o f the  same 
lam bdoid sutu re fro m  an additional pa tien t (male, 4 months) 
w ith  Pfeiffer syndrom e (PF) harbouring an FGFR2 splice m utation. 
C e llu la r m ineralisation was sim ilarly assessed fo r  cells from  this 
patient, how ever no tissue R N A  was obtained to  facilitate gene 
expression com parisons. The suture com plex (suture 
mesenchyme plus 3 mm o f bone on e ith e r side fo r  unfused sutures, 
o r  fused bony ridge plus 3 mm o f bone on e ith e r side fo r  fused 
sutures) was dissected fro m  all specimens and the overlying 
pericran ium  rem oved.
Suture cell culture
Human calvarial sutu re cells w e re  obtained by collagenase 
d igestion and exp lant cu ltu re  fo llow ing  the m ethod described by de 
Pollack e ta l. ( 1996). B riefly, dissected suture  samples w e re  minced 
in to  I mm fragments and incubated in 0.25% collagenase fo r  2 h at 
37°C. Samples w e re  centrifuged and supernatant removed. 
Fo llow ing th ree  washes in PBS, samples w e re  plated at 5 bone 
fragments pe r w ell, in 12-well plates, and cu ltu red  in minimal 
medium in a hum idified atm osphere o f 5% C O 2 kep t at 37°C. 
Minimal medium consisted o f high glucose D ulbecco ’s m odified 
essential medium (DMEM, Invitrogen Life Technologies, 
Gaithersburg, M D ) supplemented w ith  L-glutamine (584 mg/L), 
10% foetal calf serum, and 1% antib iotics (penicillin 100 lU /m l, 
s trep tom yc in  100 p.g/ml). Upon confluence, cells w e re  plated in 
T25 flasks and labelled P I . M edium  was changed every 2 days. Cells
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w e re  passaged to  P3 to  obta in suffic ient cells before being frozen 
dow n and s to red  in liquid n itrogen. Frozen cells w e re  b rough t up at 
P4, plated under m inim al m edium  in to  24-w ell plates a t a density o f 
2 x  104 cells/well. Samples w e re  plated in trip lica te , fo r  each o f the 
th re e  media, fo r  R N A  e x trac tion  (9 wells pe r sample pe r tim e 
po in t) and in duplicate, fo r  each o f the th ree  media, fo r  
m inera lisa tion assays (6 wells pe r sample per tim e  po in t). 
Passage-four cells w e re  used fo r  all experim ents to  ensure th a t any 
tissue-specific expression was lost, thus enabling the precise 
de lineation o f the  effect o f each supplem ent on gene expression. 
N o  d ifference in m ineralisation po tentia l o r  gene expression 
betw een PI and P4cells has been observed previously (O w en e ta l., 
1990; G e rb e r and Gwynn, 2001; Coussens e t al., 2008). A t  
confluence (day 6), m edium  was replaced w ith  e ith e r minimal 
m edium  (M in), standard osteogenic medium  (O M ; minimal 
m edium  supplem ented w ith  0.05 m M  ascorbic acid and 10 mM 
(3-glycerophosphate), o r  osteogenic medium  supplemented w ith  
100 nM dexam ethasone (O M  +  D ). Media w e re  changed 
every 3 days. R N A  was extrac ted  at day 16 (i.e. 10 days 
post-supplem entation) fo r  all samples and a t day 22 (i.e. 16 days 
post-supplem entation) fo r  corona l sutu re-derived cells.
Extracellular matrix and bone nodule assay
M a trix  fo rm a tio n  and m ineralisation was measured at days 7,
16 and 22. Cells w e re  washed in distilled H 20  fo llow e d  by staining 
fo r  m ineralisation using the  von Kossa m ethod and then fo r 
collagenous ex trace llu la r m a trix  fo rm a tio n  using the  van Gieson 
m ethod , fo llow e d  by fixa tio n  in 70% ethanol.
Total RNA isolation and cDNA synthesis
T o ta l R N A  was isolated fro m  P4 cells, a fte r washing w ith  PBS and 
hom ogenisation in 500 pil pe r w e ll o f TRI Reagent (M olecula r 
Research C entre , Inc., C incinnati, O H ), fo llow ing  the  
m anufactu re r’s p ro to co l. T o ta l R N A  was extracted  fro m  tissue 
samples as previously described (Coussens e t al., 2007). Briefly, 
tissue samples s to red  in R N A Ia te r w e re  thaw ed on ice and c u t in to  
30—40 mg pieces. Individual pieces w e re  snap frozen, crushed, and 
homogenised in 2 m l TRI Reagent using a M ini-Bead-Beater-8 
(BioSpec Products, Bartlesville, O K ). R N A  was isolated from  
superna tan t according to  N aderi e t al. (2004) using 5 p.g/ml linear 
po lyacrylam ide (A m b ion) and isopropanol p rec ip ita tion . R N A  
extrac ts  fro m  the  same tissues w e re  com bined and 10 p,g o f each 
com bined R N A  was pu rified  and concentra ted w ith  a phenol/ 
ch lo ro fo rm /isoa m y l a lcohol (25 :24 :1) ex trac tion . R N A  was reverse 
transcribed  in to  c D N A  using S uperscrip t III (Invitrogen Life 
Technologies) fo llow in g  the m anufacturer’s p ro to co l. In add ition 
to  the  experim enta l R N A  samples, a c a lib ra to r R N A  sample w hich 
was used to  standardise absolute quantita tive  RT-PCR (qRT-PCR) 
results, was transcribed in to  c D N A , colum n pu rified  (Q IA qu ick  
PCR p u rifica tion  k it, Q iagen, C lifto n  H ill, V IC ) and quantified by UV 
spectroscopy. c D N A  fro m  all samples was dilu ted 1/3 and 1/120 
w ith  TE (pH 8.0) supplem ented w ith  he rring  sperm  D N A  to  I ng/jxl 
(Promega, Annandale, N S W , Austra lia ). The 1/120 d ilu tions w ere  
used fo r  the  am plifica tion o f the l8SrRNA  gene and the 1/3 d ilu tions 
w e re  used fo r  the  analysis o f all o th e r genes.
Real-time absolute qRT-PCR
A bso lu te  quantifica tion was carried o u t using standard curves 
generated by 10-fold serial d ilu tion  o f ta rge t am plicon-conta in ing 
plasmids (pG EM -T Easy V ecto r, Promega) which covered a t least 5 
logs o f am plicon copy num ber. Primers w e re  designed ove r exon 
boundaries using P rim er Express so ftw are  (Applied Biosystems, 
Foster C ity , C A ) fo r  COL IA I, ALP, BSP, OC, RUNX2, GPC3, RBP4, 
CIQTNF3, W IFI, C 0L3A I, FGF2 and the  re ference gene I8S rRNA 
(Table I). A ll p rim ers w e re  designed ove r exon boundaries and 
amplicons w e re  designed w ith  a m elting tem pera tu re  o f 60°C. 
Reactions w e re  carried o u t using SYBR green (Applied Biosystems) 
on a Prism 7300 Sequence D e te c tion  System (Applied Biosystems). 
Each tissue-derived c D N A  was analysed in tr ip lica te  reactions, 
cD N A s generated fro m  th re e  independent experim ents fo r  each 
cell cu ltu re  tre a tm e n t w e re  analysed using one reaction each, and 
standard curve po in ts w e re  analysed in duplicate reactions. Melting 
curve analysis was conducted to  con firm  specific amplicon 
am plifica tion w ith o u t genom ic D N A  contam ina tion. A bso lu te  copy 
num ber values calculated from  standard curves w ere  normalised 
to  a ca lib ra to r c D N A  sample (I ng was used fo r  qRT-PCR) by 
calculating a ra tio  o f the  cycle th resho ld  (C t) fo r  each 
experim ental-sam ple 18S to  th a t o f the calibrator-sam ple I8S C t.
qRT-PCR statistical analysis
Trip lica te  expression results fro m  each cell cu ltu re  tre a tm e n t o r 
tissue w e re  com bined to  give a mean absolute expression ±  SEM. 
S tudent’s t- te s t was used to  te s t fo r  significance between 
logio transfo rm ed expression levels in tissue o r  cells grow n 
in osteogenic media and cells g row n  under minimal media. 
Significance was taken as P < 0 .0 5  and a B onfe rron i m ultip le 
com parison co rre c tio n  was applied to  P-values. C orona l day 16 
m inimal medium  com parisons w e re  co rrec te d  fo r  4 com parisons 
(tissue, O M , O M  - f  D , m inimal day 22; P <  0 .0 127) and coronal 
day 22 and lam bdoid day 16 com parisons w e re  co rrec te d  fo r  
3 com parisons (tissue, O M , O M  +  D; P <  0 .0 170).
R esults
D if fe re n t os te og e n ic  m e d ia  s t im u la te  un ique  
m in e ra lis a tio n  phe no typ e s
C ollagenous ECM  and bone nodu le  fo rm a tio n  was assessed 
in p r im a ry  cells d e rive d  fro m  unfused and fused su tu res  fro m  
th re e  pa tien ts : one  w ith  n o n -syn d ro m ic  (N S ) and tw o  w ith  
syn d ro m ic  (A P  and PF) c ran iosynos tos is  and c u ltu re d  in th re e  
d iffe re n t m edia. A t  day 7 no d iffe ren ce  be tw een  m edia was 
o b se rved  fo r  all cell p o pu la tio ns  (data n o t sho w n ). A t  day 16, 
m ine ra lised  ECM fo rm a tio n  was observed  fo r  cells g ro w n  
u n d e r b o th  os teogen ic  m edia (O M  and O M  +  D ), b u t n o t those  
u n d e r m in im a l m ed ium  (Fig. I). T h e  o n ly  e xce p tio n  was fused 
co ro n a l cells fro m  p a tie n t A P  w h ich  u n d e r O M  m edia p roduce d  
a co llagenous ECM b u t failed to  m ine ra lise. B o th  unfused 
and fused su tu re -d e rive d  cell p o pu la tio ns  d isplayed g re a te r 
m a tr ix  m in e ra lisa tio n  in O M  +  D  com pare d  to  O M . H o w e ve r, 
e xp la n t cells fro m  fused su tu res  had g re a te r ECM  and bone 
n o du le  fo rm a tio n  com pare d  to  cells fro m  unfused sutures.
TABLE I. Primers used fo r real-time quantitative RT-PCR
Primer set Forward (5 '-3 ') Reverse (5 '-3') Amplicon (bp)
ALP CGTGGCTAAGAAT GTCAT CAT GTT TGGTGGAGCTGACCCTTGA 90
BSP TTT CT GCT ACAACACT GGGCTATG TTGAGAAAGCACAGGCCATTC 102
CIQTNF3 CTTT GGAGGCAG CT C ATCT ATTG CCGGTTTGTGGAGACTCCATG 95
COLI A 1 CGAAGACAT CCCACCAAT CAC TTGT CGCAGACGCAGAT CC 99
COL3AI T C AAC ACT CTTTAT GAT AAC AACACT GTG T CGT ATTT G ACT ATTT CAGAAAG AAAGG 119
FGF2 AG AAGAGCG ACCCT CACAT CA GCCAGGGT AACG GTT AG CACAC 91
GPC3 CTTCCTTGCAGAACTGGCCTATG GGTTGTGAAAGGTGCTTATCTCG 101
OC CCACCGAGACACCATGAGAGC CCAGCGATGCAAAGTGCG 69
WIFI CCTCTGTTCAAAGCCTGTCTGC GTGTCTTCCATGCCAACCTTC 100
I8S TATCAGATCAAAACCAAC CGAAAGTTGATAGGGCAG 151
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F ig . I .  V o n  K o ssa  (m in e r a l is a t io n ,  b la c k )  an d  va n  G ie s o n  (E C M ,  
o ra n g e )  s ta in in g  o f  ce lls  d e r iv e d  f r o m  u n fu s e d  a n d  fu se d  c o ro n a l (C )  
a n d  la m b d o id  ( L )  s u tu re s  f r o m  th r e e  p a t ie n ts :  N S , n o n -s y n d ro m ic  
s a g it ta l s yn o s to s is ; PF, P fe if fe r  s y n d ro m e  (FGFR2 E xo n  9 s p lice  
m u ta t io n ) ;  A P , A p e r t  s y n d ro m e  (F G F R 2  S 2 5 2 W ).  C e ils  w e re  g ro w n  
in  m in im a l m e d iu m  (M in ) ,  s ta n d a rd  o s te o g e n ic  m e d iu m  (O M ;
0 .05  m M  a s c o rb ic  a c id  a n d  10 m M  ( i-g ly c e ro p h o s p h a te )  a n d  s ta n d a rd  
o s te o g e n ic  m e d iu m  w i th  100  n M  d e x a m e th a s o n e  (O M  +  D ). 
U n fu s e d  s u tu re -d e r iv e d  c e lls  e x h ib it  less m in e r a l is a t io n  th a n  fu se d  
s u tu re -d e r iv e d  c e lls  a t  d a y  16, b u t  s h o w  s im i la r  m a t r ix  m in e ra l is a t io n  
a t  d a y  22, i r r e s p e c t iv e  o f  p a t ie n t  o f  o r ig in  an d  a e t io lo g y .  L a m b d o id  
s u tu re -d e r iv e d  c e lls  re s p o n d  b e t te r  t o  o s te o g e n ic  s u p p le m e n ts  
th a n  c o ro n a l-d e r iv e d  ce lls . Fuse d  c o ro n a l s u tu re -d e r iv e d  c e lls  o n ly  
m in e ra lis e d  in  th e  p re s e n c e  o f  d e x a m e th a s o n e ,  w h ile  a l l o t h e r  c e lls  
m in e ra lis e d  in  b o th  o s te o g e n ic  m e d ia  a t  d a y  22. N o  m in e ra l is a t io n  
w a s o b s e rv e d  u n d e r  m in im a l m e d iu m .  Im a g e s  a re  s a m p le  
re p re s e n ta t io n s  o f  t h re e  in d iv id u a l c u l tu r e s  (see  S u p p le m e n ta ry  
M a te r ia l F ig . I ) .
Im portantly , this difference was also seen between cells isolated 
from  unfused and fused sections o f  the same sutures from  
a Pfeiffer syndrom e patient (PF) w ith  an FGFR2 mutation. 
Therefore , i t  is likely tha t the differentia l response observed in 
Figure I between unfused and fused suture-derived cells are 
due to  cellu lar differences related to  the developmental stage o f 
the tissue from  which the cells w ere  derived (i.e. suture
mesenchyme vs. mineralised bone) ra ther than to  any 
background genetic differences.
It was also noted tha t at day 16 cells from  both unfused 
and fused lambdoid sutures responded be tte r to  media 
supplements than those from  coronal sutures. This is consistent 
w ith  ou r previous findings tha t suture tissues obtained from  
diffe ren t anatomical sites in humans display d iffe ren t gene 
expression profiles (Coussens e t al., 2007). Despite the 
fo rm ation  o f an ECM, unfused coronal suture cells did no t fo rm  
nodules in e ithe r media and fused cells only fo rm ed mineralised 
bone nodules in O M  +  D (Fig. I ). Cells w ere  the re fo re  cu ltured 
fo r  a fu rth e r 6 days to  determ ine if  coronal cells would 
m ineralise in O M . A fte r  22 days in cu ltu re  (16 days o f 
osteogenic media supplementation), unfused coronal suture 
cells mineralised in both O M  and O M  +  D but no t to  the same 
e x ten t as unfused lambdoid suture cells. Furtherm ore, cells 
from  fused coronal sutures remained unmineralised under OM, 
despite the fo rm ation  o f an extensive collagenous ECM, w ith  
m ineralisation again only occurring under O M  +  D. It w ould 
the re fo re  seem th a t this population o f fused suture cells 
represents the m ore  im m ature osteoprogen ito r-like  cell 
population th a t requires stero id  stim ulation fo r  mineralisation, 
as has been previously described (Turksen and Aubin, 1991).
Each o s te og e n ic  m e d ia  induces un iq u e  gene  
exp ress ion  p ro file s
W h ile  there  was only minimal phenotypic difference between 
cells g row n in the d iffe ren t osteogenic media, the gene 
expression induced by each media was largely different. 
M oreover, the induced gene expression profiles differed 
between cells isolated at d iffe ren t stages o f developm ent and 
from  d iffe ren t cranial sites (Table 2). In cells derived from  
unfused coronal and lambdoid sutures, after 16 days o f cu lture 
(10 days post-supplementation), both O M  and O M  +  D media 
significantly decreased expression o f FGF2, OC and 
WIFI compared to  minimal medium, and there  was a fu rthe r 
decrease in FGF2 and OC at day 22. There was a significant 
increase in expression o f GPC3 at day 16 which was fu rth e r 
increased at day 22. Contrastingly, O M  alone increased 
expression o f CIQTNF3 and BSP, w hile  O M  +  D medium 
decreased expression o f CIQTNF3, RBP4, and COLIAI and 
increased expression of ALP. Interestingly, ne ither supplement






O M + D
d 16 d22
FUSED
O M O M + D
d !6 d22 d!6 d22
Unfused cells are from  patient NS and fused suture cells are from  patient AP. Fused coronal (C ) cells d id  not m ineralise and have a 
d iffe rent expression p ro file  to  fused lam bdoid (L ) cells.
“O M , standard d iffe rentia tion  media; O M + D , standard d iffe rentia tion  media plus dexamethasone 
. increased expression; 4 r. decreased expression; = , no change in expression
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affected the expression o f RUNX2 compared to  tha t under 
minimal medium.
For fused suture-derived cells, in general, a greater difference 
in gene m odulation was induced by O M  +  D medium compared 
to  standard osteogenic medium (Table 2). Furtherm ore, fused 
suture derived cells from  coronal and lambdoid sutures from  
the same patient had differing responses at day 16 to  each 
medium fo r  5 genes analysed (RUNX2, CIQTNF3, RBP4, WIFI, 
OQ. The only consistent patterns observed fo r both media fo r 
bo th  cell types was the sim ilar decrease in expression o f FGF2 as 
was seen in unfused sutures and an increase in expression o f BSP 
(at both tim e points), RUNX2 (day 22) and GPC3 (day 22). 
This up-regulation o f RUNX2 was in con tras t to  the lack o f 
response o f RUNX2 in unfused cells to  both osteogenic media. 
The only o th e r s im ila rity  between unfused and fused cells was 
the consistent difference between media seen fo r  CIQTNF3 
expression, w ith  increased expression induced by O M  and 
decreased, o r  unchanged (fused coronal cells) expression 
induced by O M  +  D. O th e r differences seen between 
osteogenic media in fused suture cells w ere  decreased 
expression o f COLIAI and OC (only in coronal cells at day 16), 
and increased expression o f ALP, WIFI (on ly in coronal cells), 
and OC (on ly in lambdoid cells at day 16) caused by O M  +  D, but 
no t OM .
N e ith e r  m e d ia  indu ce d  in  v iv o - lik e  exp ress ion  levels
W e  have previously shown tha t fo r  sh o rt-te rm  cu ltu re  under 
p ro life ra tive  conditions in v itro  gene expression is severely 
m odulated compared to  th a t in v ivo and tha t after the firs t 
passage calvarial suture cells adopt a relatively stable in v itro  
specific expression p ro file  tha t is maintained until a t least 
passage 4, irrespective o f the  fusion state o f the explant tissue 
(Coussens e t al., 2008). W e  the re fo re  wanted to  see if comm on 
d iffe rentia tion media stimulate expression back to  the levels 
observed in vivo after long-term  culture. O n ly fused suture 
tissue-derived cells w ere  compared to  th e ir corresponding 
tissues as fused sutures represent a fu lly d ifferentiated cell 
population unlike unfused suture tissues which w ould  have cells 
o f varying stages o f d ifferentia tion.
In th is study, a fte r long-term  cu ltu re  in m inimal medium 
( 16 and 22 days) we observed a sim ilar dram atic m odulation o f 
gene expression compared to  tha t in vivo (Fig. 2). M ost genes 
w ere  significantly dow n-regulated under minimal medium 
a t both tim e points. The exceptions w ere  FGF2 which was 
significantly up-regulated at both tim e points and CIQTNF3 
which displayed in vivo expression levels in fused coronal cells 
a t day 16 and was significantly up-regulated compared to  in vivo 
levels in fused lambdoid cells at day 16 and in fused coronal cells 
at day 22. GPC3 also showed expression levels sim ilar to  in vivo 
expression levels after 22 days in cu ltu re  in minimal medium
(Fig. 2).
Surprisingly a fte r long-term  cu ltu re  in e ithe r osteogenic 
media a num ber o f key d iffe rentia tion markers w ere  still 
expressed at levels m arkedly d iffe ren t from  than tha t in vivo. 
For example, while  BSP and OC expression was induced 
tow ards tha t seen in vivo by both osteogenic media, expression 
levels still remained 100- to  1,000-fold less. ALP was only 
induced to  sim ilar in vivo levels by O M  +  D, w hile  expression 
under O M  remained up to  10-fold less than in vivo levels and at 
day 16 was lo w e r than tha t under minimal media fo r  both 
corona l and lambdoid suture-derived cells. A n o th e r strik ing 
observation was tha t the greater than 100-fold increase in FGF2 
observed under minimal media was only slightly reduced by 
both osteogenic media, remaining about 100-fold higher than in 
vivo levels. O ne o f the only genes th a t reached in vivo levels 
under both media was RUNX2, bu t this was only achieved at 
day 22.
In  v ivo  d if fe re n t ia l exp ress ion  p a tte rn s  a re  n o t  
m a in ta in e d  in v it r o
Although ne ither osteogenic media was able to  recapitulate the 
level o f gene expression observed fo r  fused suture tissue in vivo, 
we w ere interested in investigating w he ther differential 
expression patterns observed in vivo between unfused and 
fused sutures tissues can be recapitulated in v itro  using e ither 
osteogenic medium. W e  the re fo re  then compared expression 
between unfused and fused suture-derived cells g row n in both 
O M  and O M  +  D fo r  10 days (day 16), to  the differential 
expression patterns observed fo r  these tw o  cell populations in 
vivo, day 16 was chosen as this was the tim e po in t in which the 
greatest phenotypic difference in m ineralisation was observed 
between the tw o  cell populations; little  m ineralisation being 
observed in unfused cells compared to  fused sutures cells, 
reflecting the phenotype o f th e ir respective tissue o f origin.
In such comparisons it  is the d ifferentia tion markers COLIA I , 
RUNX2, ALP, BSP and OC which are usually taken as key 
ind icators o f differences between tissues. H ow ever, here we 
saw minimal difference in the expression o f these genes 
between unfused and fused suture tissues (Fig. 3A). This may 
re flec t the active rem odelling nature o f the unfused suture 
tissues which include the actively differentiating osteogenic 
fronts, compared to  the term ina lly differentiated and less 
actively rem odelling fused suture tissues. Furtherm ore, in all 
cases (except COLIAI), the fo ld change induced by e ither 
osteogenic medium was in a d irection  opposite  to  that 
observed in vivo.
W ith  respect to  the genes which w e have identified as being 
highly d ifferentia lly  expressed during prem ature suture 
fusion (Fig. 3B), again ne ither osteogenic supplement induced 
in vivo-like differentia l expression patterns. O nly RBP4 and 
WIFI had fo ld  changes in the same d irection , however, RBP4 
was n o t induced to  the same exten t and WIFI showed m ore 
than 100-fold greater fold change particu larly under O M  +  D 
compared to  in vivo fo ld  changes levels.
D iscussion
Media supplemented w ith  ascorbic acid and 
(3-glycerophosphate w ith , and w ithou t, dexamethasone are 
com m only used to  induce osteoblast d ifferentia tion and 
mineralised bone nodule fo rm ation  fo r  cells cu ltured from  
roden t and human calvarial tissue (Nefussi e t al., 1985; Bellows 
e t al., 1987; O w en e t al., 1990; de Pollack e t al., 1997; Debiais 
e t al., 1998; Malaval e t al., 1999; Igarashi e t al., 2004; 
R atisoontorn e t al., 2005). W h ile  this in v itro  environm ent 
produces a bone-like ECM m atrix, in v itro  mineralisation 
studies continue to  be undertaken using conditions tha t are 
dramatically d iffe ren t from  those in vivo. In teraction w ith  o th e r 
tissue types, such as the dura mater, regulates suture cell fate 
(Opperman, 2000; Spector e t al., 2002), w h ile  gradients o f 
factors such as FGF2 w ith in  the suture com plex regulate the 
p ro life ra tion  and d ifferentia tion o f osteoblastic cells (Iseki e t al., 
1999). It  has also been shown tha t osteoprogenitors can 
achieve the same end-po in t o f d ifferentia tion via d ifferent 
developmental routes (Madras e t al., 2002), suggesting thatan in 
v itro  developm ent path could be very d ifferent to  that which 
occurs in vivo. Finally, there  appear to  exist at least tw o  d istinct 
populations o f osteoprogen ito r cells which, when explanted, 
respond d iffe rently  to  osteogenic supplements, the m ore 
prim itive  o f these only form ing a mineralised m atrix  w ith  the 
addition o f specific inductive stim uli, such as dexamethasone 
(Turksen and Aubin, 1991). This poses the question w hether 
os teoprogen ito r d ifferentia tion induced by osteogenic media 
w ith  and w ith o u t dexamethasone occurs via the same pathway 
o r  w he ther the d iffe ren t supplements produce the same 
endpoin t via the activation o f d iffe rent genes/pathways?
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F ig . 2. E x p re s s io n  p ro f ile s  f o r  10 gen es  a n a lyse d  in  c e lls  g ro w n  f r o m  fu se d  s u tu r e  tis s u e  f r o m  P a t ie n t  A P  u n d e r  m in im a l m e d iu m ,  s ta n d a rd  
o s te o g e n ic  m e d iu m ,  a n d  s ta n d a rd  d i f f e r e n t ia t io n  m e d iu m  w i th  100 n M  d e x a m e th a s o n e . C o m p a re d  to  in  v iv o  e x p re s s io n  ( t is s u e )  a ll gen es  w e re  
g e n e ra lly  d o w n - re g u la te d  in  c e lls  c u l tu r e d  in  m in im a l m e d iu m .  T h e  e x c e p tio n s  w e re  FGF2 a n d  C IQ T N F 3  w h ic h  w e re  u p -re g u la te d  o r  un ch a n g e d . 
N e ith e r  o s te o g e n ic  m e d ia  w e re  a b le  t o  in d u c e  e x p re s s io n  to  le ve ls  seen  in  t issu e s . S ca le  is lo g !0 a m p lic o n  c o p y  n u m b e r  p e r  n g c D N A .  S ig n if ic a n t  
d if fe r e n t ia l e x p re s s io n  ( *P <  0.05 B o n fe r r o n i c o r r e c te d ;+ P <  0.05 u n c o r re c te d )  is  c o m p a re d  to  m in im a l m e d iu m  a t  e ach  t im e  p o in t  an d  f o r  m in im a l 
m e d iu m  a t  d a y  22 c o m p a re d  t o  th a t  a t  d a y  16. S ee  M a te r ia ls  an d  M e th o d s  S e c tio n  f o r  c o r re c te d  P -va lues . A b s o lu te  e x p re s s io n  v a lu e s  re p re s e n t  
m o le c u le s  p e r  n g  c D N A .
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F ig . 3. D i f fe r e n t ia l e x p re s s io n  o f  10 gen es  b e tw e e n  fu s e d  a n d  u n fu s e d  s u tu re s  t is s u e  sa m p le s  f r o m  c o ro n a l an d  la m b d o id  s u tu re s  and  e x p re s s io n  in  
th e  c o r re s p o n d in g  c e ll c u l tu re s  g ro w n  in  e i th e r  o s te o g e n ic  m e d iu m  o r  o s te o g e n ic  m e d iu m  w i th  d e x a m e th a s o n e . U n fu s e d  s u tu re  sa m p le s  a re  f ro m  
p a t ie n t  N S  a n d  fu s e d  s u tu r e  sa m p le s  a re  f r o m  p a t ie n t  A P . D if fe r e n t ia t io n  m a r k e r  gen es  ( A )  a n d  gen es  w h ic h  a re  k n o w n  t o  b e  h ig h ly  d i f fe r e n t ia l ly  
e x p re s s e d  d u r in g  p r e m a tu r e  s u tu re  fu s io n  (B )  sh o w , in  g e n e ra l,  a s im i la r  d e c re a s e d  e x p re s s io n  in  b o th  c o ro n a l an d  la m b d o id  fu se d  s u tu re s  tissues  
c o m p a re d  t o  u n fu s e d  s u tu re s  tis su e s . H o w e v e r ,  b o th  o s te o g e n ic  m e d ia  o n ly  re c a p itu la te d  th e  d i re c t io n  o f  d i f fe r e n t ia l e x p re s s io n , as o b s e rv e d  in  
v iv o  f o r  C O L IA I ,  O C  a n d  RBP4, an d  e v e n  th e n  th is  w a s n o t  t o  a  le v e l w h ic h  re f le c te d  t h a t  in  v iv o .
Furtherm ore , and m ost im portantly , does e ither media 
stim ulate gene expression and subsequent cellular 
d iffe rentia tion  as they occur in vivo?
W e  hypothesised tha t any differences in the nature o f 
d iffe rentia tion produced by various osteogenic media w ould  be 
reflected in the gene expression profiles o f the cells. W e  
confirm ed the d iffe rentia tion o f cells g row n in each osteogenic 
medium by staining fo r  the fo rm ation  o f a collagenous ECM and 
mineralised bone nodules, generally used as phenotypic 
m arkers o f m ature osteoblasts (Ecaro t-C harrie r e t al., 1983; 
Bellows e t al., 1986; O w en e t al., 1990). W h ile  both osteogenic 
media stim ulated the fo rm a tion  o f a mineralised ECM, in 
general, the gene expression profiles induced by the tw o  media 
w ere  d iffe ren t and varied depending on the stage o f 
morphogenesis o f the tissue from  which the cells originated 
(Table 2). Furtherm ore, none o f the induced profiles reflected 
those seen in vivo.
Am ongst the 10 genes analysed there  w ere  only tw o  genes 
which both osteogenic media consistently modulated: FGF2 and 
CIQTNF3. FGF2 was dramatically up-regulated in minimal 
medium compared to  th a t in vivo, w ith  no change in expression 
ove r tim e. U nder d ifferentia ting conditions, FGF2 expression 
was reduced, although ne ither osteogenic medium succeeded 
in reducing it  to  in vivo levels. This observation is o f particu lar 
im portance as FGF2 is a com m on supplement used in in v itro  
experim ents to  analyse the effects o f FGF signalling on 
p ro life ra tion  and d iffe rentia tion (Debiais et al., 1998; Kalajzic 
e t al., 2003; C ho i et al., 2005; Fakhry e t al., 2005). U nder 
d ifferentia ting conditions, the addition o f FGF2 to  cu lture  
m edium w ou ld  the re fo re  negate the suppression o f FGF2 by 
osteogenic supplements and potentia lly  result in FGF2 levels 
equal to  o r  grea te r than observed fo r  minimal media which are 
already w ell in excess o f  th a t observed in vivo.
The o th e r consistent pattern  o f gene m odulation observed 
fo r  both unfused and fused suture-derived cells was an increase 
in CIQTNF3 expression by standard osteogenic medium and, in 
general, a decrease in expression compared to  minimal medium 
w ith  the addition o f dexamethasone. The inh ib ition o f C IQTNF3
expression by dexamethasone favours the hypothesis that 
these tw o  osteogenic supplements p rom ote  differentia tion via 
activating d iffe rent gene expression cascades.
D ifferences in gene expression induced by osteogenic media 
supplemented w ith  dexamethasone and o th e r osteogenic 
factors has been carried o u t fo r  a variety o f human and rodent 
prim ary cells (Bellows etal., l987 ;Turksen  and Aubin, 19 9 1; de 
Pollack e t al., 1997; Ogston e t al., 2U02; Igarashi e t al., 2004; 
Zhou e t al., 2006). However, ou r study is the firs t to  compare 
the effects o f media supplementation on human calvarial suture 
derived cells in comparison to  the in vivo expression seen fo r 
the  explant tissue o f  origin.
The cellular heterogeneity o f calvarial tissues is an im portan t 
fac to r to  consider when in te rp re ting  observations from  in v itro  
calvarial cell experim ents. There is increasing evidence from  in 
v ivo and in v itro  studies tha t d iffe ren t sub-populations 
o f osteoblasts exist tha t have unique pro life ra tive  and 
differentia tive capacities and tha t these may be reflected by 
th e ir gene expression profiles (Turksen and Aubin, 1991; Liu 
e t al., 1997; Candeliere e t al., 2001; Madras e t al., 2002). The 
phenotypic and m olecular effects o f craniosynostosis-causing 
m utations are often studied by comparing cultured cells derived 
from  prem ature ly fused calvarial tissue and unaffected calvarial 
tissues (unfused sutures o r  bone) from  co n tro l patients 
(Lom ri e t al., 1998; Yousfi e t al., 2002; Guenou e t al., 2005; 
R atisoontorn e t al., 2005). As these tissues are comprised o f 
d iffering p ropo rtions  o f cells at various stages o f osteoblastic 
d ifferentia tion, conclusions from  such experim ents should be 
viewed w ith  caution. It is extrem ely unlikely that the relative 
p ropo rtions  o f these cells and th e ir physical relationship w ill 
be maintained in v itro  and thus the tw o  tissue-specific cell 
populations are liable to  respond d iffe rently to  osteogenic 
media, irrespective o f the  existence o f  an underlying mutation.
W e  analysed the differentia l effect o f supplementation on 
cells isolated from  prem ature ly fused and unfused calvarial 
tissues from  both the same syndrom ic craniosynostosis patient 
and from  patients w ith  d iffe ren t aetiologies. Previously, we 
found no difference in gene expression between suture tissues
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at the same stage o f m orphogenesis from  patients w ith  d iffe ren t 
aetiologies o f craniosynostosis (Coussens e t a!., 2007). Here, 
we observed faster m ineralisation o f cells derived from  fused 
sutures compared to  those from  unfused sutures, and this was 
consistently seen even when they w ere  derived from  d iffe rent 
sections o f the same suture. This suggests tha t the differences 
observed between unfused and fused suture-derived cells are 
due to  the fused/unfused nature o f the tissue o f origin rather 
than genetic backgrounds o r  underlying pathologic m utations.
W h ile  both fused and unfused cell populations are 
de-d ifferentia ted to  a sim ilar level under sho rt te rm  cu lture  
in minimal medium, fused-suture derived cells responded 
phenotypically m ore quickly to  both osteogenic media. 
Furtherm ore , fused suture-derived cells had differing gene 
expression responses to  osteogenic media compared to  
unfused suture-derived cells. In particu lar, RUNX2 was 
up-regulated by both osteogenic media in fused suture-derived 
cells bu t no t in unfused suture-derived cells. This unresponsive 
nature o f  RUNX2 to  osteogenic supplements has been noted 
previously fo r  particu lar subclones o f the  M C3T3-EI mouse 
calvarial cell line (W ang e t al., 1999). Additionally, W IFI, which 
is up-regulated during prem ature  suture fusion, is significantly 
up-regulated by osteogenic media in cells from  fused sutures 
and down-regulated in those from  unfused sutures (Table 2). 
C onsistent w ith  these observations is the recent suggestion 
tha t W IF I has an essential ro le  in in itiating term inal osteoblast 
d iffe rentia tion (Vaes e t al., 2005).
W e  suggest tha t the increased responsiveness to  osteogenic 
media o f fused suture-derived cells is due to  the fact tha t the 
m a jo rity  o f the isolated cells w ere  fu lly d ifferentia ted in vivo 
before being caused to  de-d ifferentia te in v itro . Consequently, 
these cells retain a genetic ‘m em ory ’; tha t is, genes expressed 
in vivo retain epigenetic m arkers o f expression such as 
hypom ethylation o r  a characteristic chrom atin  s truc tu re  
allow ing them  to  respond m ore quickly to  subsequent 
activation (fo r review , see Levenson and Sweatt, 2006; W u  
and Sun, 2006). Conversely, cells isolated from  unfused sutures 
may represent a population o f cells at various stages o f the 
osteoblast lineage, including a significantly large number o f 
p rogen ito r cells tha t have yet to  be stimulated to  differentiate 
by the in vivo environm ent. Consequently, it  takes longer 
fo r  unfused suture-derived cells to  respond to  osteogenic 
supplements bu t given suffic ient tim e in cu lture  (e.g. 22 days) 
the re  is little  phenotypic difference between cells isolated from  
unfused and prem ature ly fused sutures (Fig. I). A lthough 
com parison o f  cells derived from  d iffe ren t calvarial tissue 
sources is useful fo r  studying m olecular mechanisms in 
craniosynostosis, o u r data highlight the need fo r  caution in 
in te rp re ting  in v itro  observations and in reliance on an in v itro  
m ineralisation phenotype as an ind icator o f an in vivo-like 
osteoblastic phenotype.
In conclusion, o u r results highlight the variability tha t exists in 
in v itro  osteoblast d iffe rentia tion  experim ents and the 
lim ita tion  o f relating in v itro  observations to  the in vivo 
situation; tha t the m olecular pathway o f osteoblastic 
d iffe rentia tion stimulated by dexamethasone is d is tinct from  
th a t stimulated by osteogenic media w ith o u t dexamethasone; 
tha t the same osteogenic medium induces d iffe ren t gene 
expression in cells isolated from  calvarial sutures at d ifferent 
stages o f morphogenesis; and tha t the  induced p ro file  and level 
o f gene expression does n o t d irec tly  relate to  tha t seen in vivo. 
A dd itiona l media supplements need to  be exp lored to  identify 
those tha t can adjust the  gene expression pro files o f cu ltured 
cells to  th a t which occurs in comparable in vivo situations.
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SUMMARY
The first five chapters in this thesis contain information which 
improves the knowledge of clinical features of craniofacial anomalies 
and so aids diagnosis. It describes management strategies to improve 
and enhance our current clinical practice. Finally, it has some long-term 
outcome measures which can be used to re-define and refine our 
treatment protocols for each craniofacial condition.
The final chapter reviews attempts using rigorous scientific methods to 
improve the understanding of disease processes. This is critically 
important that these studies continue as it is likely that any major 
changes in clinical practice, as opposed to minor technical 
modifications, w ill be achieved by better understanding of disease 
processes and resultant morphological changes, but particularly the 
molecular and genetic regulators of intracellular metabolic pathways.
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